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The  Plane  of  the  Meridian  showing  the  Conditions  for  a  Ship  hi  North 
Latitude,  the  Sun  hi  North  Declination,  and  the  Tune  P.M. 
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PREFACE 


WHEN  taking  into  consideration  the  number  of  excel- 
lent works  now  published  on  navigation  there  would  seem 
to  be  a  small  chance  of  finding  a  different  angle  from  which 
to  discuss  the  subject.  The  purpose  of  the  majority  of 
such  books  is  to  give  instruction  to  those  commencing  a 
study  of  the  subject.  This  book,  however,  while  being 
adapted  to  beginners,  is  written  particularly  for  the  men 
who  do  their  work  mostly  by  rote  and  wish  to  know  more  of 
the  reasons;  or,  perhaps,  for  schoolship  graduates  who  may 
here  find  a  chance  to  extend  their  horizons. 

I  have  not  considered  it  desirable  to  avoid  repetition 
and  in  order  to  closely  follow  a  line  of  thought  have 
freely  repeated  many  points  already  taken  up.  This 
has  in  a  number  of  cases  avoided  the  distraction  of  seeking 
a  page  of  reference  elsewhere. 

I  have  had  in  mind  that  it  serve  as  supplementary 
reading  to  the  American  Practical  Navigator,  Bowditch, 
that  great  bulwark  of  navigation  which  for  over  a  hundred 
years  has  guided  the  masters  of  American  ships  through 
every  deed  of  valor  and  every  commercial  adventure.  It  is 
placed  beyond  criticism  by  its  venerable  name  and  its 
remarkable  record  and,  as  a  reference  book  for  the  navi- 
gator, it  stands  without  a  peer,  but  as  a  text  book  it  founders 
the  beginner. 
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viii  PREFACE 

In  this  enlarged  and  revised  edition  will  be  found  a 
complete  chapter  on  Dead  Reckoning,  one  on  Piloting  and 
an  appendix  of  Problems.  Many  new  illustrations  have 
been  added  which,  it  is  hoped,  will  clarify  the  explanations. 

I  have  freely  consulted  the  following  standard  works: 
American  Practical  Navigator,  Bowditch;  Wrinkles  in 
Practical  Navigation,  Lecky;  The  Theory  and  Practice  of 
Navigation,  Dunraven;  General  Astronomy,  Young;  Nav- 
igation and  Compass  Adjustment,  Muir;  Guide  to  the 
Marine  Board's  Examinations,  Reed. 

These  discussions  appeared  several  years  ago,  in  a 
less  extended  form,  in  the  Master,  Mate  and  Pilot,  the 
magazine  formerly  published  by  the  American  Association 
of  Masters,  Mates  and  Pilots. 

I  have  received  and  am  grateful  for  very  valuable 
help  and  suggestions  from  Mr.  George  W.  Littlehales, 
Hydrographic  Engineer,  U.S.N.,  Mr.  Felix  Riesenberg, 
C.E.,  Commander  New  York  State  Schoolship  Newport, 
George  A.  Collie  (deceased),  Nautical  Expert,  Hydro- 
graphic  Office,  U.S.N.,  and  Ensign  H.  W.  Stock,  U.S.N.R.F. 

The  diagram  used  as  a  frontispiece  has  been  adapted 
from  one  published  by  William  Cox  of  New  York  in  1893. 

If  those  students  of  navigation  reading  these  pages  gain 
a  little  insight  to  the  "Whys  and  Wherefores"  of  their 
work,  I  shall  be  well  repaid  for  the  work  of  many  watches 
below. 

G.  B. 

NEW  YOBK,  December  i,  1918. 
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THE  WHYS  AND  WHEREFORES 
OF  NAVIGATION 


CHAPTER  I 
Dead  Reckoning 

IN  embarking  upon  the  study  of  navigation  familiarity 
with  the  compass  is  the  first  logical  requirement:  the  quick 
mental  conversion  of  a  course  or  direction  given  in  points 
to  the  same  direction  in  degrees  expressed  in  quadrants  as 
S.  35°  E.,  and  again  into  a  system  by  which  direction  is 
indicated  by  degrees  from  o°  to  360°.  A  mariner  will 
encounter  all  three  of  these  systems  and  will  find  constant 
conversion  necessary  back  and  forth  for  various  purposes. 
The  o°  to  360°  system  is  the  most  up-to-date  and  the 
simplest  form  of  handling  direction. 

Following  the  compass  may  be  taken  up  the  use  and 
description  of  other  nautical  instruments  with  which  every 
mariner  is  supposed  to  be  familiar. 

Dead  reckoning  is  the  first  calculation  to  appear  in  the 
study  of  navigation,  and  by  its  practice  the  navigator 
attempts  to  keep  track  of  his  ship's  position  by  a  record  in 
the  log  book  of  the  courses  steered  and  distances  run.  He 
is  thus  obliged  to  guess  at  the  amount  the  vessel  has  been 
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diverted  both  in  direction  and  distance  until  an  astronom- 
ical observation  sets  the  reckoning  straight  again.  It  is 
here  particularly  shown  that  navigation  becomes  an  art 
of  estimating  position,  and  the  better  the  navigator's 
bump  of  locality  the  greater  his  success.  This  is  a  pecu- 
liar gift  and  usually  is  born  in  the  man;  at  least  it  cannot 
be  acquired  from  books. 

Dead  reckoning  comprises  the  calculating  necessary  to 
ascertain  the  latitude  and  longitude  of  a  vessel  without  the 
aid  of  celestial  observations.  In  long  periods  of  overcast 
weather  the  dead  reckoning  has  to  be  carried  without  check; 
taxing  the  skill  and  ingenuity  of  the  mariner. 

In  working  this  method  all  the  courses  sailed  are  taken 
from  the  log  book  together  with  the  distances  made,  the 
wind,  leeway,  variation,  and  deviation.  These  are  all 
tabulated  as  shown  in  the  illustrated  example.  Each 
course  given  is  what  the  compass  showed,  but  the  compass 
has  errors,  and  the  winds  do  not  allow  a  ship  to  make  good 
the  course  steered — she  falls  more  or  less  to  leeward.  So 
the  true  course  made  good  must  be  found  in  each  case. 

There  are  three  kinds  of  courses:  the  true  course  whose 
north  is  toward  the  north  pole,  and  whose  needle  lies  right 
in  the  direction  of  the  meridian;  the  magnetic  course  is 
that  shown  by  a  compass  depending  for  direction  upon  the 
earth's  lines  of  magnetic  force.  The  difference  between  a 
true  and  magnetic  course  is  the  variation  of  the  compass. 
The  third,  or  compass  course  is  that  shown  by  the  magnetic 
compass  on  each  individual  ship,  and  differs  from  the 
magnetic  course  the  amount  of  the  deviation,  an  error  due 
to  the  ship's  own  magnetism  deflecting  the  needle. 

In  correcting  compass  courses,  it  is  essential  to  always 
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consider  yourself  as  standing  in  the  center  of  the  compass 
and  looking  out  in  the  direction  of  the  course  (or  bearing) 
to  be  corrected. 

In  making  allowance  for  the  wind,  which  invariably 
sets  the  vessel  to  leeward,  the  direction  must  be  noted  and 
the  leeway  applied  accordingly.  For  instance,  if  the  course 
was  E.  N.  E.  and  the  wind  was  north,  making  a  leeway  of 
one-half  point,  the  wind  in  setting  the  vessel  to  leeward 
would  set  her  towards  the  east  one-half  point,  and  the 
course  made  good  would  be  E.  N.  E.  J  E. 

An  aid  in  the  determination  of  the  amount  of  leeway 
to  apply  is  found  in  the  angle  the  wake  makes  with  the 
line  of  the  vessel's  keel. 

There  are  three  words  to  remember  always  in  correcting 
compass  courses:  True — right — easterly,  meaning  that  the 
true  course  is  to  the  right  of  the  compass  course  in  easterly 
error,  variation  or  deviation.  And  conversely,  True  is 
to  the  left  in  westerly  error.  Compass  error,  it  may  be 
explained,  is  the  combined  error  of  variation  and  deviation. 
Thus  if  the  compass  course  was  S.  30°  E.  the  variation 
10°  E.  and  the  deviation  was  2°  W.,  the  compass  error 
would  be  8°  E.  Facing  out  at  S.  30°  E.  the  error  of  8°  E. 
should  be  applied  to  the  right  or  towards  the  south  to  get 
the  true  course,  which  is  S.  22°  E.  Or,  with  a  compass 
course  of  N.  30°  E.,  variation  6°  W.,  deviation  3°  E.,  apply 
the  3°  E.  to  the  right,  getting  N.  33°  E.,  which  is  the  mag- 
netic course,  then  by  applying  the  6°  W.  variation  to  the 
left,  the  true  course  of  N.  27°  E.  will  be  the  result. 

Each  course  is  corrected  according  to  these  rules  and 
the  true  courses  and  distances  tabulated.  Now  let  us 
consider  the  problem  of  obtaining  the  new  latitude  and 
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longitude  of  the  vessel.  Every  true  course  angle  is  laid 
off  from  a  meridian  (which  is  true  N.  and  S.)  and  termi- 
nates in  a  parallel  of  latitude.  This  meridian  and  par- 
allel intersect  at  right  angles;  hence  these  with  the  distance 


|««-~- -Departure  (Dep.) 


Parallel  of  Latitude 


FIG.  2. 


run  (which  is  the  hypothenuse)  form  a  plane  right-angle 
triangle,  plane  because  the  curvature  of  the  earth  is  not 
considered  in  short  distances.  To  solve  this  triangle,  we 
have  the  course  angle  and  one  side — the  distance  run. 
With  these  the  other  two  sides  are  easily  found  by  com- 
putation, but  more  easily  by  tables  No.  i  and  2,  Bowditch. 
The  side  along  the  meridian  is  represented  by  the  column 
headed  Lat.  (difference  of  latitude)  and  the  side  lying  in 
the  parallel  is  in  the  column  headed  Dep.  (departure). 
Thus  the  values  of  the  sides  of  the  triangle  are  given  in 
miles  and  tenths,  showing  the  distance  made  good  N.  or  S. 
and  E.  or  W. 

It  will  be  noted  that  at  the  top  of  the  pages  of  these 
tables  are  four  different  courses  and  at  the  bottom  are 
likewise  four  courses,  making  the  same  page  serve  for  eight 
different  courses.  This  is  accomplished  by  the  fact  that 
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triangles  formed  by  these  particular  eight  courses  are  the 
same  in  shape.  Thus  N.  30°  E.,  for  instance,  makes  a 
similar  triangle  to  N.  30°  W.  (330°);  S.  30°  E.  (150°); 
or  S.  30°  W.  (210°).  They  have  identically  the  same 
difference  of  latitude  and  departure.  If  this  fact  is  not 
clear  draw  a  diagram  and  be  convinced.  In  the  cases  of 
N.  60°  E.  (60°);  N.  60°  W.  (300°);  S.  60°  E.  (120°); 
S.  60°  W.  (240°),  the  same  shaped  triangle  as  above  is 
found,  but  reversed  in  that  what  was  the  difference  of 
latitude  side  now  has  become  the  departure  side.  The 
values  of  these  sides  are  read  from  the  bottom  of  the  page 
and  are  found  in  the  reverse  columns  to  fit  the  reverse 
triangle.  The  latitude  value  read  from  the  top  of  the  page 
as  30°  becomes  a  departure  value  when  read  from  the  bot- 
tom with  60°. 

A  so-called  traverse  table  is  constructed  consisting  of 
four  columns,  one  each  for  the  amount  of  northing  (N.), 
southing  (S.),  easting  (E.)  and  westing  (W.).  Upon  taking 
out  the  "Lat."  and  "Dep."  from  Table  2  the  amounts  are 
entered  in  the  column  according  to  the  direction  of  the 
ship's  movement.  In  the  diagram  the  Lat.  should  go  in 
the  N.  column  and  the  Dep.  in  the  E.  column,  because  the 
ship  has  moved  to  the  northward  and  eastward. 

When  the  traverse  table  has  been  completed  by  using 
each  course,  and  the  columns  added  up,  the  whole  amount 
made  in  each  of  the  four  directions  during  the  day  is  at 
hand.  By  taking  the  less  from  the  greater  of  the  N.  and 
S.  columns,  the  difference  of  latitude — the  net  amount  in 
miles  the  ship  has  made  north  or  south  is  found. 

The  sides  of  the  triangle  described  and  given  in  Table 
2  are  in  miles,  but  as  latitude  is  measured  on  a  meridian, 
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which  is  a  great  circle,  a  degree  is  equal  to  sixty  miles,  and 
hence  a  mile  is  equal  to  a  minute  of  latitude.  So  the  dif- 
ference of  latitude  is  applied  to  the  latitude  left  to  get  the 
latitude  arrived  at.  That  is,  if  the  ship  left  Lat.  40°  10'  N. 
and  made  a  difference  of  latitude  of  3°  20'  S.,  the  latitude 
in  would  be  40°  10'  - 3°  20'  S.  or  36°  50'  N.  The  ship  was  a 
certain  distance  north  of  the  equator  and  sailed  towards 
it  and,  as  a  result,  was  not  so  far  away,  hence  the  sub- 
traction. If  the  difference  of  latitude  was  3°  20'  N.  it 
would,  of  course,  be  added  to  Lat.  40°  10'  N.  to  get  lati- 
tude in. 

In  crossing  the  equator,  care  must  be  exercised,  for,  let 
us  suppose  the  ship  left  Lat.  i°  20'  N.  and  made  a  differ- 
ence of  latitude  of  3°  20'  S.,  then  i°  20'  should  be  sub- 
tracted from  3°  20'  to  take  care  of  the  distance  north  of  the 
equator  then  the  remainder  would  be  the  south  latitude 
of  the  ship  viz.:  Lat.  2°  S. 

Having  obtained  the  latitude  of  the  ship  we  will  turn 
the  attention  to  the  longitude.  This  is  a  little  more  diffi- 
cult because  our  east  and  west  movement  being  expressed 
in  terms  of  departure,  which  is  always  in  miles,  is  not  the 
same  as  that  number  of  minutes  of  longitude.  The  reason 
for  this  is  that  the  departure  and  longitude  are  measured 
along  a  parallel  of  latitude  which  lies  parallel  to  the  equator 
and  is  smaller  than  a  great  circle.  Hence  a  mile  of  depart- 
ure has  a  greater  value  in  minutes  as  the  latitude  increases. 
On  the  fortieth  parallel  a  degree  is  equal  to  only  46  miles. 

It  will  be  seen  that  in  a  course  laid  obliquely  across  the 
parallels  the  easting  and  westing  in  miles  sailed  at  the 
northern  part  are  equal  to  more  minutes  of  longitude  than 
those  in  the  southern  part  of  the  course.  So  it  is  assumed 
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for  mere  convenience  that  the  whole  easting  or  westing 
(departure)  is  made  alongjthe  parallel  of  the  middle  (mean) 
latitude.  In  the  part  of  the  course  lying  northward  of  the 
parallel  of  the  middle  latitude  the  miles  of  departure  are 
equivalent  to  more  minutes  of  longitude  than  those  lying 
correspondingly  southward  of  it,  and  the  mean  value  of 
minutes  of  longitude  to  the  mile  is  found  to  correspond  to 
that  of  the  middle  latitude.  This  latitude  is  obtained 
simply  by  adding  the  latitude  left  to  the  latitude  in  and 
dividing  by  two. 

The  departure  is  now  readily  converted  into  difference 
of  longitude  by  the  use  of  Table  2  where  the  middle  latitude 
to  the  nearest  degree  is  entered  as  though  it  was  a 
course.  Then  with  the  departure  (the  difference  of  E. 
and  W.  columns)  in  the  "Lat."  column,  pick  out  the  dif- 
ference of  longitude  in  the  "Dist."  column,  expressed  in 
minutes,  divide  by  sixty  to  get  the  degree  and  minutes. 

The  difference  of  longitude  is  applied  to  the  longitude 
left  according  as  the  ship  made  east  or  west  departure.  Let 
us  suppose  the  longitude  left  to  be  62°  42'  W.  and  the 
difference  of  longitude  was  eastward  2°  30',  then  the 
longitude  in  would  be  60°  12'  W.  If  it  was  westward  then 
the  longitude  in  would  be  still  farther  west  and  the  dif- 
ference of  longitude  would  be  added;  placing  the  ship  in 
65°  12'  W. 

It  is  often  required  to  know  the  course  and  distance 
made  good  during  the  day,  that  is,  the  course  and  distance 
of  a  straight  line  from  the  point  left  to  the  point  arrived  at. 

This  is  done  by  subtracting  the  log  of  the  difference  of 
latitude  from  the  log  of  the  departure;  the  remainder  is  the 
log  tangent  of  the  course.  The  log  sine  of  the  course  sub- 
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tracted  from  the  log  of  the  departure  leaves  the  log  of  the 
distance.  It  is  usually  more  convenient  to  use  Table  2 
and  search  until  the  departure  (Dep.)  and  difference  of 
latitude  (Lat.)  are  found  in  their  respective  columns  side 
by  side  as  closely  as  possible.  If  the  departure  is  in  the 
"Dep."  column  reading  from  the  top  of  the  page  the  course 
is  the  number  of  degrees  at  the  top;  otherwise  use  the  bot- 
tom of  page.  The  degrees  of  the  course  are  named  north 
or  south  according  as  the  ship  made  more  progress  to  the 
north  or  to  the  south,  likewise  it  is  named  east  or  west. 

The  term  used  in  dead  reckoning  when  a  vessel  leaves 
the  land  at  the  outset  of  her  voyage  is  taking  her  departure. 
This  has  no  connection  with  the  term  departure  meaning 
distance  of  easting  and  westing.  It  is  necessary  when 
commencing  a  voyage  to  tie  up  the  reckoning  to  a  definite 
point  whose  latitude  and  longitude  is  known.  So  it  is 
customary  to  take  a  bearing  and  establish  the  distance  from 
a  lighthouse  or  prominent  charted  object.  The  bearing 
when  working  the  problem  is  reversed,  that  is,  if  it  was 
N.  45°  E.  it  is  called  S.  45°  W.  and  entered  as  the  first 
course  of  the  voyage  as  though  the  ship  actually  started  at 
the  lighthouse. 

During  each  day  the  vessel  is  more  or  less  influenced  by 
ocean  or  tidal  currents.  These  are  very  difficult  to  esti- 
mate and  requires  splendid  judgment  born  of  experience. 
The  navigator  weighs  all  evidence  and  enters  a  course  and 
distance  which  he  estimates  the  ship  has  been  set,  and 
calls  it  the  current  course.  This  and  the  departure  course, 
when  there  is  one,  is  handled  similarly  to  all  courses  actually 
steered. 

A  few  points  to  be  especially  remembered  are  that 
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departure  is  always  in  miles  and  must  be  converted  into 
degrees  and  minutes  of  longitude  using  the  middle  latitude. 
If  the  true  course  is  north  and  south  there  is  no  departure. 
If  it  is  east  or  west  there  is  no  difference  of  latitude.  In 
crossing  the  equator  divide  your  difference  of  latitude  prop- 
erly to  each  side.  Similarly  take  care  when  crossing  the 
i Both  meridian  and  apportioning  the  difference  of  longitude. 

EXAMPLE 

A  schooner  bound  from  Boston  to  Halifax,  N.  S.,  took 
her  departure  from  Cape  Cod  Lighthouse  bearing  S.  W.  per 
compass  distant  10  miles.  The  lighthouse  is  in  latitude 
42°  02'  N.,  longitude  70°  04'  W.  Ship's  head  E.  N.  E.  The 
estimated  currentwas  setting  S.  W.  (cor.  mag.)  5  miles  dur- 
ing 24  hours.  Courses  were  steered  as  tabulated  on 
page  10.  What  was  latitude  and  longitude  in  and 
course  and  distance  made  good? 

— 

The  subject  of  Sailings  is  one  of  the  early  problems 
confronting  the  student  of  navigation  and  will  be  considered 
briefly.  The  above  remarks  on  dead  reckoning  cover  the 
principle  of  plane  sailing,  the  simple  method  where  the 
spherical  surface  of  the  earth  is  ignored  and  a  flat  ocean 
substituted.  This  method  will  not  serve  for  anything 
but  short  distances  of  a  few  hundred  miles  without  sufficient 
error  to  render  it  impracticable.  Traverse  sailing  is  a 
series  of  plane  sailing  courses  made,  for  instance,  by  a 
sailing  vessel  beating  to  windward. 

In  parallel  sailing  the  vessel  pursues  a  true  E.  or  W. 
course  and  runs  along  a  parallel  of  latitude.  Thus  all  her 
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progress  is  in  the  terms  of  departure  with  no  difference  of 
latitude.  As  all  meridians  converge  from  the  equator 
towards  the  poles  the  length  in  miles  of  a  degree  of 
of  longitude  keeps  on  diminishing  as  the  poles  are  ap- 
proached and,  conversely,  miles  of  departure  have  an 
increasing  value  in  degrees  of  longitude.  So  in  parallel 
sailing  what  we  desire  to  know  is,  the  value  in  the 
particular  latitude  of  our  course  of  our  departure 
(miles)  in  °  '  "  of  longitude.  Having  this  and  applying 
it  to  the  longitude  left  will  give  the  longitude  in.  Middle 
latitude  sailing  is  very  similar  to  parallel  sailing  in  that 
it  is  assumed,  for  the  purpose  of  getting  the  difference  of 
longitude,  that  the  whole  departure  of  the  course  or  courses 
sailed  has  been  made  in  the  mean  or  middle  latitude, 
because  the  greater  value  (in  the  northern  hemisphere) 
in  difference  of  longitude  of  a  mile  northward  of  the 
middle  latitude  is  counteracted  by  the  corresponding  lesser 
value  southward  of  the  middle  latitude. 

Mercator  sailing  is  perhaps  the  most  extensively  used, 
as  the  Mercator  principle  is  employed  almost  universally 
in  the  construction  of  navigational  charts.  It  is  described 
under  Charts  in  this  book. 

Also  under  Charts  is  a  description  of  the  Gnomonic 
Chart  which  is  also  called  the  Great  Circle  Chart  and  used 
in  Great  Circle  Sailing,  also  referred  to  in  those  pages. 

The  young  navigator  is  counselled  never  to  know  where 
his  vessel  is,  lest  through  over  confidence  he  be  led  into 
close  and  dangerous  quarters. 


CHAPTER  II 
Nautical  Astronomy 

THE  sun  is  the  center  of  the  solar  system,  with  all 
the  planets,  including  the  earth,  revolving  around  it, 
some  with  orbits  greater  and  others  less  than  that  of  the 
earth.  The  planets  in  some  instances  have  satellites  re- 
volving in  turn  around  them,  as  the  moon  in  the  case 
of  the  earth. 

The  movements  of  the  earth  will  be,  perhaps,  more 
readily  understood  by  assuming  a  position  at  the  North 
Pole;  here  beneath  the  observer  the  earth  is  rotating  left- 
handed — against  the  hands  of  a  watch,  once  each  day; 
while  at  the  same  time  it  is  speeding  onward  through 
space  in  a  left-handed  curve,  which  in  the  course  of  a 
year  resolves  itself  into  a  complete  revolution  around  the 
sun. 

The  sun  and  stars  are  considered  to  be  stationary 
for  all  navigational  purposes,  the  apparent  movements 
of  these  bodies  being  entirely  due  to  the  motions  of  the 
earth.  The  result  of  our  daily  rotation  from  west  to 
east  is,  that  the  heavenly  bodies  march  past  our  merid- 
ian in  a  majestic  procession  for  24  hours,  after  which 
the  performance  is  repeated.  {^The  uninitiated  are  here 
forewarned  against  becoming  confused  oy  tne  assumption 
used  for  convenience  by  navigators  that  the  heavens  re- 
volve around  the  earth.} 
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The  planets  and  moon  join  the  sun  and  stars  in  the 
daily  parade  past  our  meridian,  but  their  apparent  move- 
ments are  not  entirely  an  illusion,  for  they  have  motions 
of  their  own  that  somewhat  affect  the  precision  of  their 
daily  revolution.  This  is  readily  observed  in  the  moon's 
hour  of  rising,  which  is  very  perceptibly  later  each  even- 
ing. Her  actual  revolution  around  the  earth,  being  from 
west  to  east,  is  contrary  to  the  apparent  diurnal  motion 
and  thereby  each  evening  finds  her  farther  to  the  east- 
ward and  consequently  rising  later.  As  a  result  of  this 
change  in  the  time  of  rising,  the  moon  must  of  necessity 
rise  in  every  hour  of  both  day  and  night  in  the  course 
of  a  month — the  time  she  requires  to  revolve  around  the 
earth. 

The  onward  movement  of  the  earth  in  its  orbit  as 
we  face  the  sun  in  latitudes  north  of  the  tropics,  is  toward 
our  right,  and  this  causes  the  sun  to  apparently  mo\e 
slowly  eastward  or  to  the  left  among  the  stars,  corre- 
sponding exactly  to  our  movement  westward.  This  move- 
ment is  opposite  to  his  daily  course  across  the  heavens. 
As  a  year  is  required  for  the  earth  to  accomplish  our 
revolution  around  the  sun,  it  follows  that  this  same  length 
of  time  is  consumed  by  the  sun  in  making  its  apparent 
eastward  revolution  of  the  heavens. 

The  movements  of  the  planets  are  more  complex. 
They  all  revolve  around  the  sun  in  the  same  direction 
as  the  earth,  but  as  their  orbits  are  of  vastly  different 
sizes,  they  will  be  found  in  various  positions  relative  to 
the  sun;  they  overhaul  and  pass  each  other,  but  owing 
to  their  uniform  direction  of  revolution  they  never  meet. 
The  planetary  system  is  like  the  horse  race  at  a  county 
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fair;  the  pole  horse  has  the  advantage,  but  the  varying 
speeds  of  the  contestants  soon  place  them  at  various  parts 
of  the  track. 

From  the  earth  the  movements  of  the  planets,  aside 
from  the  diurnal  movement,  are  composed  of  their  own 
actual  movement  around  the  sun,  combined  with  an  ap- 
parent motion,  due  to  the  earth's  onward  movement  pre- 
cisely as  described  above  in  the  case  of  the  sun.  The 
combined  movement  of  a  planet  may  be  noted  by  refer- 
ence to  the  fixed  stars  beyond  it. 

The  positions  of  heavenly  bodies  are  determined  by 
two  measurements — coordinates — the  distance  north  or 
south  of  the  celestial  equator,  called  the  declination,  and 
the  distance  east  from  the  prime  celestial  meridian  taken 
as  a  reference,  called  the  right  ascension,  each  of  which 
will  be  subsequently  treated  at  lengtE"  under  its  individ- 
ual heading.  The  movementjgf_the  pjanets  eastward  or 
westward  as  described,  constantly  changes  their  right  as- 
cension; and  as  their  orbits  are  inclined  at  different  an- 
gles  to  the  celestial  equator,  they  are  always  changing 
their  declination. 

The  planets  whose  orbits  are  smaller  than  that  of  the 
earth  are  called  inferior,  while  those  whose  orbits  are 
of  greater  dimensions  are  known  as  superior  planets. 
Mercury  and  Venus  are  inferior  planets  and  consequently 
are  always  nearer  the  sun;  their  comparatively  close  prox- 
imity making  them  appear  to  us  as  morning  and  even- 
ing stars.  In  fact,  Mercury  is  so  close  that  it  is  unavail- 
able, owing  to  the  brilliancy  of  the  sun,  for  observation 
with  a  sextant;  while  Venus,  on  the  other  hand,  a  little 
more  remote,  is  an  excellent  body  to  observe,  and  is 
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always  found  in  the  east  or  west,  conveniently  near  the 
prime  vertical,  the  most  favorable  place  for  a  tune  sight 
for  longitude.  The  twilight  or  dawn  which  usually  pre- 
vails at  the  time  of  a  Venus  sight  gives  the  navigator  a 
good  horizon  to  observe  upon.  Mars,  Jupiter  and  Saturn 
are  superior  planets  and  their  travels  are  so  extended 
that  they  may  be  found  almost  anywhere  in  the  heavens 
within  the  limits  of  their  declinations. 

The  earth's  orbit  is  slightly  elliptical,  with  the  sun 
located  a  little  out  of  center — a  little  nearer  one  end. 
Should  a  line  or  axis  be  drawn  through  the  long  diameter, 
its  intersection  with  that  part  of  the  orbit  nearest  the  sun 
is  called  the  Perihelion  while  the  opposite  point  is  known 
as  the  Aphelion.  ffihe  former  is  used  as  a  point  of  refer- 
ence from  which  the  earth's  position  can  be  located  in  terms 
of  angular  measurement  from  time  to  time.}  This  angle, 
known  as  the  anomaly,  is  formed  by  the  line  from  the  sun 
to  the  Perihelion  and  that  drawn  from  the  sun  to  the 
earth.  (^The  latter  distance  is  called  the  radius  vector 
of  the  earth.  We  (the  earth),  are  at  the  Perihelion  about 
January  i,  and  consequently  this  angle  at  that  date  is 
o°,  but  from  this  time  on,  the  angle  increases  approxi- 
mately one  degree  a  day  throughout  the  year.'] 

The  plane  of  the  earth's  equator  makes  at  all  times  an 
angle  of  about  23°  28'  with  the  plane  of  its  orbit.  This  is 
a  highly  important  angle  to  mankind,  for  upon  it  depends 
the  climate  of  the  world.  The  axis  of  the  earth,  if  we  can 
conceive  it  as  represented  by  a  slender  imaginary  staff, 
extends  through  the  unlimited  distance  to  a  point  in  the 
heavens — the  celestial  pole;  this  point  is  in  the  zenith  for 
a  person  at  our  north  pole.  Since  the  distance  between 
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these  points  is  mathematically  infinite,  any  number  of  lines 
parallel  to  this  "  staff  "  will  appear  to  penetrate  the  sky  at 
the  single  point  of  the  celestial  pole.  Thus  the  parallel 
positions  of  the  axis  corresponding  to  the  earth's  various 
positions,  even  those  at  opposite  sides  of  the  orbit,  con- 
verge into  this  common  point.  To  be  clearer,  the  parallel 
lines  representing  the  different  positions  of  the  axis  during 
the  year  according  to  our  geometry  form  a  group  of  sepa- 
rate points  on  the  heavens,  but  the  distance  being  beyond 
all  reckoning,  our  limited  conceptions  fail  to  identify  the 
group  of  points  and  it  resolves  into  one  point. 

By  the  same  line  of  reasoning  the  plane  of  the  earth's 
equator  remains  parallel  in  all  its  positions  throughout 
the  yearly  cruise  around  the  sun,  and  its  projection  marks 
but  one  celestial  equator  upon  the  sky. 

While  the  direction  of  the  axis  and  corresponding 
position  of  the  equator  are  constant  for  all  practical  pur- 
poses, there  is,  nevertheless,  an  extremely  slow  circular 
movement  of  the  axis,  called  the  precession  of  the  equi- 
noxes, a  subject  which  is  reserved  for  subsequent  discus- 
sion. 

COORDINATES 

In  nautical  astronomy  the  earth  is  assumed  to  be  the 
center  of  space  with  the  heavens  forming  a  globular 
shell  around  it,  known  as  the  celestial  sphere.  All  fixed 
stars  are  assumed  to  lie  on  its  concave  surface  from  the 
earth  regardless  of  their  actual  distances.  The  tracks 
of  all  other  bodies  moving,  or  appearing  to  move,  across 
the  sky  are  considered  to  be  on  the  surface  of  this  sphere. 
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It  is  necessary,  in  order  to  conveniently  define  the 
position  of  heavenly  bodies  to  mark  this  celestial  sphere 
with  imaginary  circles  to  serve  as  coordinates,  as  we 
mark  the  earth  with  meridians  of  longitude  and  parallels 
of  latitude. 

Before  going  into  the  explanation  of  these  coordi- 
nates, it  may  be  well  to  consider  a  few  facts  concerning 
circles.  A  great  circle  is  of  course  understood  to  be  one 
whose  plane  passes  through  the  center  of  a  sphere,  divid- 
ing it  into  two  equal  parts.  There  can  be  an  infinite 
number  of  these  circles  whose  planes  cut  the  sphere  at 
every  possible  inclination  as  long  as  they  pass  through 
its  center.  A  circle  may  be  a  great  circle  of  either  the 
celestial  sphere,  the  earth,  or  even  of  a  baseball.  The 
poles  of  a  great  circle  are  the  points  on  the  surface  of 
its  sphere,  penetrated  by  the  diameter  perpendicular  to 
the  plane  of  the  great  circle.  As  for  example,  the  poles 
of  the  earth  are  connected  by  the  diameter  that  is  per- 
pendicular to  the  plane  of  the  equator.  An  angle  at  any 
pole  is  measured  on  the  great  circle  which  subtends  it. 
For  instance,  angles  at  the  poles  of  the  earth  are  measured 
on  the  equator;  angles  at  the  zenith  on  the  horizon.  With 
these  facts  well  in  mind  we  will  proceed,  showing  the  scheme 
of  circles  employed  in  laying  off  the  surface  of  the  heavens. 

There  are  three  systems  of  circles,  each  designed  to 
fulfil  a  different  requirement. 

The  first  system  depends  upon  the  position  of  the 
observer  and  changes  its  whole  imaginary  structure  to 
correspond  with  his  movements.  The  plumb-line,  if  ex- 
tended to  the  heavens  overhead,  will  determine  the  zenith, 
the  point  of  origin  of  this  system  on  the  celestial  sphere. 
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The  corresponding  point  directly  beneath  us  is  known  as 
the  nadir. 

The  great  circle  of  the  celestial  sphere  everywhere 
equally  distant  from  both  the  zenith  and  the  nadir  is 
the  horizon.  It  is  plain  that  a  new  zenith  and  new 
horizon  are  created  with  every  movement  of  the  observer. 
The  facts  that  man  is  on  the  surface  and  not  at  the 
center  of  the  earth,  and  that  his  eye  is  elevated  above 
its  surface,  each  creates  another  horizon. 

The  rational  horizon  is  marked  by  a  plane,  perpen- 
dicular to  a  plumb-line  and  passing  through  the  earth's 
center;  while  the  sensible  horizon  is  determined  by  a 
plane,  also  perpendicular  to  the  plumb-line,  but  passing 
through  the  eye  of  the  observer.  It  will  therefore  be 
seen  that  these  two  parallel  horizons  are  some  4000  miles 
apart,  the  semi-diameter  of  the  earth;  but  this  distance 
when  projected  on  the  celestial  sphere  becomes  insig- 
nificant when  compared  with  the  infinite  distance  of  this 
sphere  from  the  earth,  and  the  rational  and  sensible 
horizons  shrink  into  a  single  line  so  far  as  we  can  per- 
ceive. 

While  this  statement  is  true  when  dealing  with  the 
stars,  it  needs  modifying  when  dealing  with  the  sun  and 
moon,  and  in  very  accurate  observations  of  planets,  as 
their  distances  are  insufficient  to  eliminate  the  angle 
formed  between  the  line  from  the  body  to  the  center  of 
the  earth,  and  that  from  the  body  to  the  observer.  This 
is  allowed  for  when  observing  these  bodies  by  applying 
the  correction  of  parallax  to  the  observed  altitude. 

The  visible  horizon  is  the  boundary  seen  between  the 
sea  and  sky.  If  the  observer's  eye  were  at  the  level  of 
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the  sea,  his  visible  horizon  would  coincide  with  the  sen- 
sible horizon,  denned  above;  but  the  elevation  above  the 
surface  from  which  sights  are  taken  causes  the  line  of 
vision,  tangent  to  the  sea,  to  be  depressed  below  the  plane 
of  the  sensible  horizon  making  an  angle  with  it  called  the 
dip  of  the  horizon.  In  practice  all  altitudes  of  heavenly 
bodies  taken  from  a  vessel  are  measured  to  the  visible 
horizon  and  corrected  for  the  dip  to  reduce  them  to  the 
sensible  horizon,  then  again  corrected  for  parallax  to  obtain 
the  true  altitude  of  the  body  above  the  rational  hori- 
zon; or  what  is  the  same  thing,  the  altitude  as  observed 
at  the  center  of  the  earth. 

From  the  zenith,  an  infinite  number  of  great  circles, 
known  as  vertical  circles,  sweep  around  the  celestial 
sphere,  cutting  the  horizon  at  right  angles  and  passing 
through  the  nadir.  The  one  which  cuts  the  north  and 
south  points  is  called  the  celestial  meridian,  and  is  evi- 
dently a  projection  of  the  terrestrial  meridian.  The  ver- 
tical circle  passing  through  the  east  and  west  points  is 
called  the  prime  vertical,  and  has  a  distinction  above  other 
vertical  circles  by  virtue  of  its  being  the  most  favorable 
position  for  a  body  in  observations  for  longitude.  The 
heavens  are  further  swept  by  an  infinite  number  of  paral- 
lels of  altitude  which  are,  as  their  name  implies,  parallel 
to  the  horizon. 

The  azimuth  of  a  body  is  its  angular  distance  from 
the  north  or  south  points  of  the  horizon,  determined  by 
the  angle  formed  at  the  zenith,  or  by  the  arc  of  the  hori- 
zon between  the  meridian  of  the  observer  and  the  verti- 
cal circle  passing  through  the  body.  Amplitude  is  the 
angle  at  the  zenith  formed  by  the  prime  vertical  and  the 
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vertical  circle  passing  through  the  body  or  it  is  the  angu- 
lar distance  from  the  east  or  west  points,  measured  on  the 
horizon,  and  is  measured  similarly  to  the  azimuth. 

The  system  of  laying  off  the  heavens  just  described 
is  well  enough  for  the  momentary  locating  of  a  body, 
which  is  a  very  important  feature  in  navigation,  but  for 
some  purposes  a  more  stable  point  than  the  zenith,  which 
on  shipboard  is  ever  changing,  is  needed,  from  which  to 
form  a  system  that  is  constant  the  world  over.  To  meet 
this  demand  we  take  the  point  in  the  sky  penetrated  by 
the  prolongation  of  the  earth's  northern  axis — the  celes- 
tial pole — and  from  this  point  meridians  and  parallels  are 
developed  upon  the  celestial  sphere  as  has  been  done  on 
the  earth.  In  fact,  it  is  as  though  these  terrestrial  co- 
ordinates were  projected  to  the  heavens  where  they  hold 
the  same  relative  positions  as  upon  the  earth.  The  north- 
ern celestial  pole  is  in  the  zenith  at  our  north  pole.  The 
same  is  true  of  the  south  pole.  The  celestial  equator,  or 
equinoctial,  is  a  great  circle,  which  is  midway  between  the 
poles  and  everywhere  90°  from  them.  It  marks  the  ter- 
mination of  the  plane  of  our  equator  extended  to  the  celes- 
tial sphere,  or  in  other  words,  it  is  always  directly  over 
our  equator. 

The  parallels  of  the  celestial  sphere  evolved  by  this 
system,  corresponding  to  those  of  latitude  upon  the  earth 
are  called  parallels  of  declination,  while  the  celestial  me- 
ridians having  as  their  point  of  origin  the  prolongation 
of  the  earth's  axis,  are  known  as  hour  circles.  The  par- 
ticular hour  circle  passing  through  the  zenith  is  one  and  the 
same  with  the  celestial  meridian.  It  will  be  seen  that  this 
circle  must  pass  through  the  zenith,  nadir  and  the  poles. 
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The  angle  formed  at  the  pole  by  the  hour  circle  pass- 
ing through  a  body  and  a  local  meridian  is  the  hour  angle 
of  that  body,  and  is  measured  westward  through  24  hours, 
although  A.M.  hour  angles  of  the  sun  are  reckoned  east- 
ward through  12  hours. 

At  the  north  pole  where  the  zenith  is  identical  with 
the  celestial  pole,  the  vertical  circles,  parallels  of  alti- 
tude and  rational  horizon  are  coincident  with  the  hour 
circles,  parallels  of  declination  and  the  equator,  respec- 
tively; but  departing  from  this  point  they  form  angles 
with  each  other  corresponding  to  the  degrees  of  latitude 
from  the  pole;  at  the  equator  the  angle  reaches  90°. 

The  system  of  circles  described  above  is  by  far  the 
most  extensively  used,  and  positions  determined  by  its 
coordinates  are  comparatively  constant,  but  there  is  still 
a  third  system  of  circles  which  was  used  and  handed  down 
to  us  by  the  ancients.  In  the  place  of  the  celestial  equa- 
tor, a  similar  great  circle  is  used,  known  as  the  ecliptic. 
This  circle  is  determined  by  the  extension  of  the  plane 
of  the  earth's  orbit  to  the  celestial  sphere.  The  poles 
of  the  ecliptic  everywhere  90°  from  this  circle  are  the 
points  from  which  meridians  depart  as  upon  the  earth. 
The  prime  meridian  of  this  system  passes  through  the 
intersection  of  the  celestial  equator,  and  the  ecliptic— 
the  vernal  equinox  or  First  Point  of  Aries.  Celestial 
latitude  and  longitude  are  the  coordinates  used  with  this 
system,  but  navigators  universally  prefer  to  use  the  well- 
known  declination  and  right  ascension.  Hence  the  path  of 
usefulness  of  the  former  seldom  leads  beyond  the  observa- 
tories. 


CHAPTER  HI 
Declination  and  Right  Ascension 

OWING  to  the  important  place  that  declination  holds 
in  nautical  astronomy,  a  detailed  explanation  will  ap- 
propriately follow  closely  in  the  wake  of  the  preceding  re- 
marks. It  must  be  made  clear,  before  getting  under  way, 
that  declination  is  the  distance,  in  degrees,  minutes  and 
seconds,  of  a  body  north  (+)  or  south  ( — )  of  the  celestial 
equator  measured  on  the  hour  circle  passing  through  the 
body.  This  distance  is  identical  with  the  latitude  of  the 
place  in  the  zenith  of  which  the  body  happens  to  be. 
What  declination  is  to  a  body  in  the  heavens,  latitude  is 
to  the  place  on  the  earth  directly  beneath  it. 

The  declination  of  fixed  stars  changes  very  slowly  from 
month  to  month,  but  the  planets  meander  about  on  the 
celestial  sphere  in  a  way  that  is  liable  to  puzzle  anyone 
other  than  an  astronomer.  This  element,  however,  is 
worked  out  in  the  observatory  and  given  in  the  nautical 
almanac  in  a  way  that  relieves  the  navigator  of  worry 
concerning  the  complex  movements  of  these  latter  bodies. 
The  same  may  be  said  of  the  moon,  but  the  subject  will 
be  treated,  somewhat  superficially  though  sufficiently  for 
the  needs  and  desires  of  the  practical  mariner,  in  a 
special  talk  on  the  moon.  This  eliminates  all  the  celestial 
bodies  except  the  sun,  the  most  important;  and  for  this 

23 


24  NAVIGATION 

reason  the  facts  relative  to  its  declination  will  be  con- 
sidered at  some  length. 

As  has  already  been  stated,  the  sun  is  stationary,  but 
our  movements  around  it  to  the  right  causes  it  to  appear 
to  move  to  the  left;  precisely  as  you  see,  when  under 
way,  an  anchored  vessel's  masts  move  to  the  left  along 
the  land  behind  her,  while  you  move  on  to  the  right.  We 
have  no  landmarks  behind  the  sun  by  which  to  observe 
his  apparent  movements,  so  in  lieu  of  such  ranges,  we 
resort  to  the  fixed  stars,  which  serve  as  excellent  marks 
to  get  a  bearing  on  Old  Sol  and  keep  tab  on  him  as  he 
moves  eastward  among  them.  This  movement  must  in 
no  way  be  confounded  with  his  apparent  daily  motion 
westward.  As  an  illustration,  we  may  see  Orion — a  familiar 
friend — swinging  high  in  the  western  sky  in  the  early  even- 
ing; some  weeks  later  he  is  riding  low,  and  yet  a  little 
later  still,  he  is  swallowed  up  in  the  brilliancy  of  the 
setting  sun.  In  other  words,  the  sun  and  Orion  have 
approached  and  passed  each  other.  We  know  Orion  does 
not  move,  for  he  is  composed  of  fixed  stars,  and  this 
seeming  westward  movement  of  his  is  in  reality  the  appar- 
ent eastward  marching  of  the  sun,  which  is  due  to  the 
earth's  movement  of  revolution.  The  sun  in  this  appar- 
ent movement  eastward  follows  a  course  at  a  rate  equal  to 
that  of  the  earth,  along  a  great  circle  of  the  celestial 
sphere  called  the  ecliptic,  a  circle  that  plays  an  important 
part  in  the  explanation  of  declination,  particularly  that  of 
the  sun.  The  ecliptic  is  marked  by  the  extension  of  the 
earth's  orbit  to  the  celestial  sphere. 

A  few  more  words  concerning  great  circles  will  be  intro- 
duced here,  and  the  following  statements,  while  they  apply 
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to  great  circles  in  general,  especially  fit  the  relationship 
of  the  equinoctial  or  celestial  equator  to  the  ecliptic. 
These  two  great  circles  cut  each  other  at  an  angle  of  23° 
28'.  Great  circles  always  bisect  each  other,  and  hence 
any  two  great  circles  of  the  celestial  sphere,  regardless  of 
the  angle  they  may  take  with  the  celestial  equator,  must 
intersect  each  other  at  exactly  opposite  points,  180°  apart. 
What  is  true  in  this  regard  of  the  celestial  sphere  is  equally 
true  of  the  great  circles  of  the  earth.  A  vertex  of  a  great 
circle  is  the  point  which  departs  the  greatest  distance 
from  the  equator — the  highest  point  of  the  circle  reached 
in  declination.  There  are  two  vertices  180°  apart  with  the 
two  points  of  intersection  90°  in  either  direction.  The 
declination  or  latitude  of  either  vertex  is  equal  to  the 
angle  at  which  the  circles  intersect  each  other.  The  in- 
tersections are  called  the  equinoxes,  and  it  may  be  well  to 
say  here  that  the  word  equinox  has  several  meanings  in 
navigation,  often  rendering  it  necessary  to  judge  by  the 
text  which  is  intended.  The  vernal  equinox,  for  instance, 
refers  to  a  certain  time  of  year — March  2ist.  The  sun  is 
that  day  directly  overhead  at  the  intersection  of  the 
equator  and  the  terrestrial  ecliptic  and  this  point  is  some- 
times called  the  vernal  equinox.  Again,  the  sun  at  the 
same  time  occupies  a  point  on  the  heavens  also  known 
as  the  vernal  equinox,  which  is  at  the  intersection  of  the 
celestial  equator  and  the  ecliptic.  The  point  in  the  orbit 
occupied  by  the  earth  at  this  time  is  also  spoken  of  as  the 
vernal  equinox. 

The  reader  is  now  asked  to  arouse  his  imagination 
and  if  possible  to  conceive  himself  a  passenger  in  an 
aeroplane  equipped  with  some  remarkable  power  capable 
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of  carrying  him  to  a  position  in  space,  above,  yet  a  little 
outside,  the  earth's  orbit,  near  the  Perihelion,  and  there 
to  heave  to  and  view  awhile  an  astronomical  picture. 
Spread  out  before  his  unrestricted  vision  will  be  the  earth, 
its  orbit,  and  the  sun.  It  is  to  be  hoped  that  the  imagina- 
tion of  the  reader  is  still  sufficiently  supple  to  suppose 
the  plane  of  the  orbit  to  be  the  surface  of  an  infinite  ocean 
stretching  away  beyond  human  conception  of  distance  and 
"  breaking "  against  the  celestial  sphere;  the  "  surf- 
line  "  there  marks  the  ecliptic;  the  "  ocean's "  surface 
representing  the  great  plane  of  the  ecliptic.  The  sun  will 
be  seen  as  if  at  anchor  in  his  proper  place  within  the  orbit. 
The  earth  is  "  underway,"  half  submerged,  and  listed  23° 
28'  toward  our  point  of  vantage.  This  inclination,  or 
direction  of  the  axis,  is  in  a  general  way  toward  the  peri- 
helion, and  within  a  few  degrees  of  being  parallel  with 
the  long  diameter  of  the  orbit.  The  earth  maintains  this 
nearly  parallel  position  of  its  axis  with  the  long  diameter 
throughout  the  period  of  its  revolution;  a  fact  of  impor- 
tance to  remember. 

It  will  be  readily  seen  that  during  the  encircling  of 
the  sun  there  must  be  one  position  where  the  northern 
axis  is  inclined  directly  toward  that  body,  another  opposite 
where  it  is  headed  away  from  him,  and  two  positions 
midway  where  the  bearing  of  the  axis  (projected  on  the 
plane  of  the  orbit)  is  at  right  angles  to  the  bearing  of  the 
sun  from  the  earth;  another  feature  to  be  "  salted  down  " 
in  the  memory. 

If  the  earth  revolved  on  an  even  keel,  the  equator 
and  the  "  waterline  "  would  be  coincident,  but  fortunately 
this  is  not  the  case,  and  owing  to  the  inclination  of  the  axis 
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another  great  circle  is  defined  by  the  "  waterline,"  called 
the  terrestrial  ecliptic,  being  directly  beneath  its  celestial 
namesake.  The  inclination  of  the  northern  pole  being 
in  a  general  way  toward  the  perihelion,  correspondingly 
depresses  or  "  submerges  "  that  half  of  the  equator  below 
the  plane  of  the  ecliptic,  represented  by  the  "  water  sur- 
face," and  at  the  same  time  the  opposite  side  rolls  the  equa- 
tor above  it.  At  two  points  (the  equinoxes)  on  opposite 
sides  of  the  earth,  and  at  right  angles  to  the  direction  of 
its  inclination,  the  equator  and  terrestrial  ecliptic  cross 
each  other  at  the  "  water's  edge." 

The  sun  is  always  exactly  overhead  for  that  point  of  the 
earth  which  is  nearest  to  it.  This  is  an  essential  fact  to 
remember  in  navigation.  Bearing  in  mind  that  the  sun  is 
stationary  and  ignoring  for  a  time  the  rotation  of  the 
earth,  each  advance  in  its  orbit  brings  about  a  change  of 
bearing  of  the  sun  and  a  new  position  becomes  the  nearest 
point,  and  thereby  directly  beneath  the  sun.  The  constant 
changing  of  the  sun's  bearing  continues  throughout  the 
year,  or  one  revolution,  and  a  circle  of  these  overhead 
positions  is  marked  upon  the  earth,  which  is  coincident 
with  the  terrestrial  ecliptic — the  visionary  "  waterline."  It 
is  obvious  that  the  vertical  rays  of  the  sun  must  appar- 
ently follow  this  line,  for  it  can  only  be  overhead  for 
places  that  are  in  the  same  plane,  and  this  again  is  the  level 
of  the  "  ocean." 

This  circle  of  overhead  positions  projected  on  the 
celestial  sphere  marks  the  ecliptic — the  "  margin  "  of  the 
infinite  ocean,  and  the  path  that  the  sun  seems  to  follow 
eastward  among  the  stars. 

The  above  paragraphs  show  us  that  the  sun  in  follow- 
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ing  this  line  around  the  earth  crosses  the  equator  twice, 
and  twice  he  attains  a  distance  of  23°  28'  from  it,  and  so 
must  be  on  the  equator  twice  and  reach  a  declination  of 
23°  28'  north  and  23°  28'  south  in  the  course  of  one  year. 
Returning  to  our  imaginary  illustration,  we  will  now 
follow  the  peregrinations  of  the  earth  for  a  year  and  note 
the  effect  of  its  inclination  in  the  different  parts  of  the 
orbit  upon  the  declination  of  the  sun. 

It  will  be  assumed  that  it  is  the  2ist  of  March  and 
from  our  airy  position  we  see  the  earth  away  on  our 
right  nearly  90°  from  the  Perihelion.  As  this  is  the  vernal 
equinox,  there  are  a  number  of  interesting  points  to  be 
considered:  The  direction  of  the  earth's  axis,  projected 
on  the  plane  of  the  orbit,  is  at  right  angles  to  the  bearing 
of  the  sun  from  the  earth;  the  sun  is  directly  over  the  in- 
tersection of  the  equator  and  terrestrial  ecliptic,  and  being 
overhead  for  this  point  on  the  equator,  the  declination 
must  be  o°.  Moreover,  a  line  drawn  from  this  intersec- 
tion, or  terrestrial  vernal  equinox,  through  the  center  of 
the  sun  and  extended  to  the  cele  tial  sphere  would  strike 
the  corresponding  intersection  of  the  ecliptic  and  the 
equinoctial  or  celestial  equator — the  celestial  vernal  equi- 
nox. The  arrival  of  the  earth  at  this  position  is  the 
signal  of  spring  for  the  northern  hemisphere,  likewise  it 
announces  the  advent  of  autumn  to  our  southern  neigh- 
bors below  the  "  Line."  The  sun  this  day  rises  in  the  east 
(approximately)  and  passing  through  the  zenith,  sets  in 
the  west  for  those  living  on  the  equator.  The  explorer  at 
the  north  pole  is  cheered  by  the  first  light  as  the  sun 
appears  in  the  horizon,  while  the  south  pole  becomes 
enshrouded  in  the  long  Antarctic  night.  Without  lingering 
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for  ceremonies  over  the  change  of  seasons,  the  earth  con- 
tinues steadily  on  its  way  toward  the  aphelion;  the  sun's 
vertical  rays  leave  the  intersection  of  the  equator  and  the 
terrestrial  ecliptic,  and  follow  along  the  latter,  thus  widen- 
ing its  distance  from  the  equator  as  the  earth  proceeds. 
As  the  ecliptic,  in  this  half  of  the  orbit  is  above,  or  north, 
of  the  equator  the  former  is  in  north  latitude  and  the  sun, 
following  along  it,  is  thereby  also  in  north  declination.  A 
line  from  any  place  having  the  vertical  rays,  through  the 
sun  to  the  celestial  sphere,  always  terminates  on  the 
celestial  ecliptic,  all  being  in  the  same  plane,  and  shows  the 
corresponding  celestial  position  of  the  sun  on  it.  Its 
declination  distance  from  the  celestial  equator,  in  degrees, 
minutes  and  seconds,  is  identical  with  that  of  the  place 
on  the  earth  directly  beneath  it  relative  to  our  equator. 
So  by  showing  the  course  of  the  sun's  overhead  positions 
on  the  earth  its  celestial  positions  are,  at  the  same  time, 
indicated.  The  overhead  position  of  the  sun  on  the  terres- 
trial ecliptic  gradually  departs  from  the  equator  cul- 
minating about  June  2ist,  the  summer  solstice,  in  a 
declination  of  23°  28'  at  a  point  near  the  aphelion  in  the 
orbit,  90°  (approximately)  from  the  equinox. 

The  positions  in  the  orbit  of  the  summer  and  winter 
solstices  are  reached  by  the  earth  several  days  before  the 
points  of  the  aphelion  and  perihelion.  These  respective 
positions  would  be  in  conjunction  were  it  not  for  a  slow 
and  remarkable  motion  of  the  earth's  axis  before  spoken 
of,  and  later  to  be  described,  called  the  precession  of  the 
equinoxes. 

The  summer  solstice  is  the  great  half-way  point  of  the 
earth's  annual  circumnavigation  of  the  sun;  it  is  a  matter 
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of  moment  all  over  the  world,  and  another  great  change  of 
seasons  is  at  hand.  The  sun  is  overhead  for  places  along 
the  parallel  of  23°  28'  N.  and  bears  north  23°  28'  from  the 
zenith  at  noon  from  places  on  the  equator. 

At  the  north  pole,  since  its  appearance  on  the  hori- 
zon on  March  2ist,  the  sun  has  mounted  to  an  altitude  of 
23°  28'  and  to  nearly  67°  at  places  on  the  Arctic  circle. 
The  earth's  northern  axis  is,  in  this  position,  inclined  23° 
28'  directly  toward  the  sun,  which  pours  its  rays  con- 
tinuously upon  the  northern  regions,  uninterrupted  even 
by  the  earth's  daily  rotation.  It  is  on  this  day  that  the 
whole  Arctic  zone  enjoys  the  full  glory  of  the  midnight 
sun.  The  earth's  continuous  movement  of  revolution  does 
not  allow  a  delay  of  this  favorable  season  in  northern  lati- 
tudes, but  continues  to  make  the  sun's  vertical  rays  follow 
the  terrestrial  ecliptic  as  before  on  its  way  toward  the  in- 
tersection with  the  equator  90°  away.  On  this  leg  of  the 
journey,  the  sun  is  traveling  on  the  upper  one  of  two  con- 
verging lines  and  thereby  gradually  lessening  its  distance 
from  the  other — the  equator — or,  in  other  words,  reducing 
its  declination.  This  continues  until  September  2ist  when 
the  autumnal  equinox  is  reached  and  the  sun's  declination 
becomes  o°.  The  sun  now  being  overhead  at  the  intersec- 
tion of  the  equator  and  the  terrestrial  ecliptic,  is  on  the 
opposite  side  of  the  earth  from  the  intersection  of  March 
2 1  st.  In  fact  the  conditions  are  similar,  but  now  the 
earth  is  on  the  opposite  side  of  the  sun,  and  the  change  of 
seasons  is  the  entrance  of  spring  for  the  dwellers  in  south- 
ern latitudes. 

The  sun  has  dropped  lower  and  lower  in  the  sky  at 
the  north  pole  since  June,  until  on  this  day  it  is  in  the 
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horizon  and  it  is  time  for  the  Esquimos  to  seek  their 
igloos  and  prepare  to  hibernate  during  the  long  Arctic 
night  now  ushered  in. 

The  sunshine  at  the  time  of  the  equinoxes  is  equally 
distributed  over  the  northern  and  southern  zones,  and  the 
zenith  distance  of  the  sun  at  noon  at  any  place  is,  theoret- 
ically, equal  to  the  latitude  of  the  place  (except  a  small 
error  due  to  change  of  declination  accumulated  subsequent, 
or  previous,  to  the  instant  of  the  equinox). 

The  conditions  during  the  next  six  months  are  reversed 
as  the  earth  proceeds  into  that  half  of  the  orbit  contain- 
ing the  perihelion.  Now  the  sun  following  the  terrestrial 
ecliptic  enters  southern  latitudes  or  south  declination, 
for  in  this  part  of  the  orbit  the  equator  is  above  (or  north) 
the  plane  of  the  ecliptic.  The  sun's  diverging  course 
from  the  equator  leads  it  farther  and  farther  southward 
until  on  or  about  December  2ist  it  arrives  at  the  winter 
solstice  with  a  culmination  of  23°  28'  south  declination. 
At  this  point  the  earth  is  but  a  few  degrees  from  the 
perihelion  as  it  was  from  the  aphelion  at  the  summer 
solstice. 

The  earth's  north  pole  is  now  inclined  directly  away 
from  the  sun  and  its  rays  have  entirely  forsaken  the 
Arctic  for  the  Antarctic  zone;  notwithstanding  the  earth's 
daily  rotation,  which  brings  alternating  light  and  dark- 
ness to  the  greater  part  of  the  world,  the  northern  polar 
regions  are  in  a  continuous  shadow,  and  no  sunlight  reaches 
these  remote  parts.  At  this  time  of  the  year  the  northern 
hemisphere  above  the  tropic  of  Cancer,  is  in  an  unfavorable 
position  relative  to  the  sun,  and  as  a  result  places  situated 
vn  parallels  less  remote  than  the  Arctic  are  having  long 
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nights  and  short  days  in  proportion  to  their  latitude  north. 
On  the  other  hand,  in  the  southern  hemisphere  the  days  are 
longer  and  the  nights  shorter,  as  the  southern  latitude 
increases  until  at  the  Antarctic  circle  night  disappears  and 
the  sunshine  is  uninterrupted.  It  is  seen  that  this  is  an 
exact  reversal  of  the  conditions  at  the  summer  solstice. 

The  earth  enters  the  last  quadrant  of  the  great  ellipse 
of  its  orbit,  the  sun  now  approaches  the  equator  as  the 
earth  nears  the  vernal  equinox.  The  south  declination 
diminishes  until  on  March  2ist  it  becomes  o°  and  the 
earth  has  completed  its  revolution.  We  will  now  go  on 
another  tack  and  instead  of  considering  only  the  effects 
of  declination  due  to  the  earth's  revolution,  will  assume 
that  the  earth  has  been  halted  in  its  onward  course  of 
revolution  and  is  making  its  daily  rotation  in  the  same 
position.  The  earth  turning  from  west  to  east  causes  the 
sun  to  appear  to  proceed  from  east  to  west  in  its  diurnal 
motion.  Each  rotation,  requiring  24  hours,  marks  upon 
the  earth  a  circle  of  overhead  positions  parallel  to  the 
equator  and  hence  without  change  of  declination.  The 
result  of  such  a  remarkable  condition  would  be,  no  change 
of  seasons  and  no  change  in  the  length  of  the  days  and 
nights.  In  reality,  however,  we  are  saved  from  such 
monotony,  for  both  the  motion  of  rotation  and  revolution 
of  the  earth  are  acting  together  and  giving  a  compound 
effect  on  the  apparent  movements  of  the  sun.  This  alters 
the  daily  circles  just  mentioned  to  a  fine  spiral  of  over- 
head positions,  ever  changing  in  declination.  The  daily 
difference  of  the  sun's  declination  shown  in  the  Nautical 
Almanac  is  equivalent  to  the  distance  between  two  threads 
of  this  spiral. 
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The  change  of  declination  is  most  directly  seen  and 
felt  in  the  polar  regions,  where  the  activities  of  the  deni- 
zens are  mostly  limited  to  the  favorable  phases  of  this 
change.  At  the  north  pole,  after  the  sun  has  appeared 
above  the  horizon,  this  spiral  of  declination  can  be  con- 
tinuously followed.  The  sextant  will  disclose  a  constant 
increase  in  altitude  as  the  sun  circles  round  and  round  the 
sky,  winding  itself  up  and  finally  culminating  at  23°  28'. 
The  process  is  then  immediately  reversed.  The  stars  here 
make  daily  circles  of  equal  altitudes  as  their  change  of 
declination  is  insignificant;  but  the  circles  of  the  planets 
and  the  moon  are  converted  into  spirals,  the  fineness  of 
which  is  in  proportion  to  the  rate  of  their  change  of  dec- 
lination. 

The  fact  that  the  sun  reaches  an  altitude  of  23°  28'  at 
the  pole  at  the  summer  solstice  with  its  declination  of  a 
like  amount  and  that  on  March  2ist,  when  the  sun  is  in 
the  horizon  with  the  altitude  o°,  it  is  directly  over  the 
equator  with  o°  declination,  shows  that  at  this  place  (the 
pole)  the  altitude  is  equal  to  the  declination.  Should  an 
explorer  travel  southward  i°,  his  sextant  would  show  an 
altitude  i°  greater  than  at  the  pole,  yet  moving  about  does 
not  affect  the  declination  at  a  given  time.  It  follows  by 
taking  his  altitude  at  noon  the  explorer  in  the  polar 
regions  may  readily  learn  his  distance  from  the  pole  by 
subtracting  the  declination  in  the  Nautical  Almanac  from 
his  sextant  reading. 

It  may  not  generally  be  known  that  the  southern  sum- 
mer is  shorter  than  the  summer  of  the  northern  hemi- 
sphere, but  such  is  the  case  by  approximately  eight  days. 
The  reason  of  this  inequality  lies  in  the  fact  that  the  sun 
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is  nearer  one  end  of  the  orbital  ellipse,  and  the  short  diam- 
eter passing  through  this  body  divides  the  orbit  into 
unequal  parts.  The  smaller  part  being  that  traveled  by 
the  earth  during  the  southern  summer.  Furthermore 
the  nearer  proximity  of  the  sun  causes  an  accelerated 
motion  which  further  tends  to  lessen  the  time  spent  by 
the  earth  in  this  part  of  the  orbit. 

RIGHT  ASCENSION 

Declination  and  right  ascension  being  used  together 
as  coordinates,  we  will  not  separate  them.  It  will  be  re- 
membered that  the  equator  and  the  terrestrial  ecliptic 
cross  each  other  on  opposite  sides  of  the  earth;  that  on  or 
about  March  21,  the  sun  is  overhead  at  the  intersection 
that  is  the  vernal  equinox.  Now  if  at  this  intersection 
on  this  day  a  plumb-line  were  carried  upward,  it  would  at 
length  reach  the  sun,  and  continued  to  infinity  and  pro- 
jected on  the  celestial  sphere  would  locate  a  point  called 
the  celestial  vernal  equinox,  known  by  many  as  the  First 
Point  of  Aries.  This  point  is  one  of  the  most  important 
celestial  "  landmarks  "  used  in  astronomy  and  navigation, 
but,  unfortunately,  no  heavenly  body  marks  its  place. 
However,  as  its  relative  position  among  the  neighboring 
stars  is  well  known,  its  exact  location  is  easily  ascertained. 

The  hour  circle  which  passes  through  this  point  is 
known  as  the  equinoctial  colure,  and  may  be  considered 
the  prime  meridian  of  the  heavens,  for  from  it  is  meas- 
ured the  right  ascension  of  all  bodies.  Right  ascension 
of  a  body  is  the  angle  at  the  celestial  pole  between  this 
meridian  of  reference  and  the  hour  circle  passing  through 
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the  body.  It  is  always  measured  eastward  through  24 
hours  of  sidereal  time  (360°).  The  angle  is  measured  by 
the  arc  intercepted  on  the  celestial  equator.  For  example, 
a  star  15°  east  of  the  equinoctial  colure  has  a  right  ascen- 
sion of  i  hour  or  15°,  but,  if  the  star  is  15°  west,  its  right 
ascension  is  23  hours  or  345°. 

The  positions  of  heavenly  bodies  are  defined  by  right 
ascension  and  declination  exactly  as  positions  upon  the 
earth  are  expressed  by  longitude  and  latitude,  right  ascen- 
sion corresponding  to  longitude  and  declination  to  latitude. 

In  the  discussion  of  Time,  to  follow,  more  facts  con- 
cerning right  ascension  will  be  found. 

PRECESSION  OF  THE  EQUINOXES 

A  comparison  of  the  present  positions  of  the  fixed 
stars  with  their  places  as  recorded  in  ancient  times  shows 
a  great  discrepancy.  The  celestial  latitudes,  which  were 
reckoned  from  the  ecliptic,  show  no  appreciable  change; 
but  in  the  declinations  and  right  ascensions  there  is  a  great 
departure  from  the  old  positions.  The  error  of  right 
ascension  was  found  by  the  old  Greek  astronomer,  Hip- 
parchus,  to  appear  as  a  uniform  eastward  movement  of 
all  the  stars,  which  led  him  to  reason  that,  instead  of  the 
stars  themselves  changing,  their  point  of  reference  was 
moving  westward,  thus  lengthening  all  right  ascensions. 

The  famous  astronomer  after  further  reasoning  de- 
cided that  the  position  of  the  celestial  pole  was  changing, 
in  fact  that  the  line  of  the  earth's  axis  was  describing  a 
circle  on  the  heavens,  which  was  left-handed  or  against 
the  hands  of  a  watch  as  viewed  from  the  north  pole  of 
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the  earth.  This  movement  was  found  to  be  extremely 
slow,  requiring  25,800  years  to  complete  the  circle  which 
has  as  its  radius  the  amount  of  the  inclination  of  the 
earth's  axis— 23°  28'. 

If  a  match  is  put  through  a  piece  of  cardboard  about 
the  size  of  a  half  dollar  to  the  distance  of  J  inch,  and 
spun,  the  motion  of  the  cardboard  just  as  it  staggers 
through  loss  of  speed,  gives  some  idea,  although  exag- 
gerated, of  the  precession  movement  of  the  plane  of  the 
equator,  which  is  of  course  infinitely  slower.  The  move- 
ment of  the  top  of  the  match  is  a  semblance  of  the  corre- 
sponding motion  of  the  vanishing  point  of  the  axis  on  the 
celestial  sphere. 

The  earth,  as  already  explained,  points  its  axis  at 
practically  the  same  spot  in  the  heavens  throughout  the 
year,  and  if  it  were  not  for  this  annual  precession  of  50" 
it  would  for  all  intents  and  purposes  hold  a  permanent 
direction.  About  December  21,  the  winter  solstice,  while 
the  earth  is  still  some  degrees  from  the  perihelion,  its 
northern  axis,  is  inclined  directly  away  from  the  sun. 
Each  year  this  distance  from  the  perihelion  is  becoming 
greater,  widening  this  angle  between  the  direction  of  the 
axis,  projected  on  the  plane  of  the  orbit,  and  the  major 
diameter  of  the  orbit,  until  in  time  the  north  pole  will  be 
headed  directly  away  from  the  sun  in  that  part  of  the 
orbit  which  the  earth  now  occupies  in  September,  and 
so  on. 

In  the  year  A.D.  1250  the  winter  solstice  occurred  at  peri- 
helion and  in  the  year  6400  A.D.  the  vernal  equinox  will 
occur  at  this  point  of  the  orbit.  That  is,  the  axis  of  the 
earth  was  inclined  directly  away  from  the  sun  at  peri- 
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helion  in  the  former  year  but  in  the  latter  year  the  inclina- 
tion will  have  changed  about  90°  backward  against  the 
earth's  course  about  the  sun,  and  it  will  be  the  beginning 
of  spring  (the  vernal  equinox)  when  the  earth  is  at  peri- 
helion instead  of  the  first  of  winter  as  in  1250  A.D.  Since 
1250  A.D.  the  inclination  has  changed  an  equivalent  of 
about  ii  days  for  now  the  earth  is  at  perihelion  about 
January  ist,  and  the  solstice  occurring  about  December 
2ist,  shows  the  present  relative  situation. 

In  other  words,  the  vernal  equinox  is  slipping  back 
in  the  orbit  towards  the  perihelion,  and  as  the  solstices 
maintain  their  positions  at  90°  from  the  equinoxes  they 
must  likewise  be  "  slipping  a  cog  "  each  year. 

The  vernal  equinox  was  situated  many  centuries  ago 
in  the  first  part  of  the  constellation  of  Aries,  and  was  known 
as  the  First  Point  of  Aries,  but  owing  to  the  movement 
of  precession  it  has  dropped  back  or  westward  (as  we  face 
our  southern  horizon)  50' '  a  year  until  it  has  left  that  con- 
stellation entirely  and  is  now  about  leaving  the  constella- 
tion of  Pisces,  some  30°  from  the  position  used  by  Hippar- 
chus  in  his  calculations.  The  majority  of  navigators 
still  call  this  point  of  the  celestial  vernal  equinox  the  First 
Point  of  Aries. 

Holding  these  facts  in  mind,  it  may  be  clear  that  as 
the  earth  approaches  that  part  of  the  orbit  where  the 
vernal  equinox  occurs  it  has  turned  its  pole,  and  cor- 
respondingly points  on  the  equator,  50"  to  the  right  or 
west  during  the  year;  thus  causing  the  point  of  the  ter- 
restrial equinox  to  meet  (or  come  under)  the  sun  that 
much  sooner.  In  other  words,  referring  to  the  effect  as 
seen  on  the  heavens,  the  celestial  equinox  was  advanced 
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to  the  westward  that  much  to  meet  the  sun  in  its  east- 
ward movement  among  the  stars  and  will  become  the 
nearest  point  to  the  sun,  50"  before  the  position  of  the 
equinox  of  last  year.  As  the  points  in  the  orbit  where 
the  vernal  equinox  occurs  year  by  year  works  back  toward 
the  perihelion,  the  range  line  through  the  sun  to  the 
heavens  beyond  must  each  year  correspondingly  edge  its 
way  westward  along  the  celestial  ecliptic  through  differ- 
ent constellations.  This  is  what  is  known  as  the  pre- 
cession of  the  equinoxes. 

The  course  of  the  celestial  pole  in  the  heavens  is 
shown  by  a  circle  drawn  about  the  pole  of  the  ecliptic 
using  23°  28'  as  a  radius.  This  path  will  pass  i|°  from 
our  pole  star  and  this  position  marks  the  present  termi- 
nation of  our  extended  axis;  half  way  around  the  circle 
it  passes  the  first  magnitude  star  Vega  close  aboard,  thus 
making  this  the  future  pole  star  some  12,000  years  hence. 
If  there  be  such  creatures  as  navigators  in  those  far-away 
days,  latitude  by  Vega  will  no  doubt  be  a  popular  sight 
among  them. 

The  cause  of  this  remarkable  movement  of  the  earth 
is  due  to  the  fact  that  the  earth  is  not  a  true  sphere,  and 
the  influence  of  the  sun  is  not  exerted  equally  upon  its 
mass.  Its  flattening  at  the  poles  is  attended  by  a  cor- 
responding bulging  along  the  equatorial  belt.  When  the 
earth  is  in  the  vicinity  of  the  perihelion,  leaning  away 
from  the  sun,  the  half  of  this  ring  of  extra  matter  on  the 
side  towards  the  sun  is  above  the  plane  of  the  ecliptic  or 
orbit.  The  tendency  of  the  added  attraction  exerted  upon 
it,  is  to  draw  the  earth  to  an  upright  position,  or  in  other 
words,  at  this  time  the  sun  is  pulling  stronger  on  the 


40  NAVIGATION 

northern  or  upper  side  than  on  the  lower.  Again,  when 
near  the  aphelion  and  summer  solstice,  leaning  towards 
the  sun,  that  part  of  the  ring  of  extra  matter  on  the  side 
towards  the  sun  is  below  the  level  of  the  orbit,  and  the 
attraction  is  again  tending  as  before  to  pull  the  earth 
upright.  At  the  equinoxes  there  is  an  equal  amount  of 
this  extra  matter  above  and  below  the  plane  of  the  orbit 
evenly  distributing  the  attraction. 

The  effect  of  this  influence  would  in  time  bring  the 
earth's  equator  and  the  plane  of  the  ecliptic  into  coinci- 
dence and  the  earth's  pole  would  be  directly  beneath  the 
pole  of  the  ecliptic,  were  it  not  for  its  rotation.  The  two 
forces  acting  upon  the  earth  result  in  the  slow  revolution 
of  the  axis.  The  exact  effect  of  these  forces  is  rather 
complex  but  it  is  a  demonstration  of  the  principle  of  the 
gyroscope.  The  movement  of  the  axis  is  affected  very 
slightly  by  other  influences  than  that  of  the  sun,  the  most 
notable  of  which  is  the  moon,  whose  monthly  revolutions 
around  the  earth  produce  a  similar  influence  in  the  bulging 
mass  within  the  tropics,  but  as  its  revolutions  are  so 
rapid,  it  has  but  a  slight  effect  on  the  precession  move- 
ment of  the  earth.  It  is  sufficient,  however,  to  cause  the 
extended  axis  to  nod  slightly  and  make  a  waved  circle 
of  precession  on  the  heavens.  This  is  called  "  Nutation," 
from  the  Latin  word  nuto,  meaning  to  nod. 


CHAPTER  IV 
Time 

A  THOROUGH  understanding  of  time,  one  of  the  most 
important  elements  in  navigation,  clears  the  way  to  a  bet- 
ter idea  of  the  theory  of  finding  one's  position  at  sea; 
there  is,  in  the  minds  of  many,  considerable  fog  hanging 
about  certain  portions  of  this  subject,  and  it  is  hoped 
that  this  explanation  will  clear  some  of  this  away. 

Worcester's  Dictionary  defines  time  as  measured  dura- 
tion. It  is  the  interval  between  events.  It  flows  cease- 
lessly and  with  uniformity,  yet  the  mortal  mind  is  unable 
to  conceive  its  beginning  or  its  end.  Man,  in  order  to 
measure  his  activities,  has  blocked  it  off  into  different  de- 
nominations convenient  for  his  uses.  Of  these,  the  navi- 
gator uses  the  following  in  his  determinations  and  reckon- 
ings: years,  months,  days,  hours,  minutes  and  seconds. 

Certain  astronomical  phenomena  were  naturally  en- 
listed by  the  ancient  astronomers  to  furnish  standards  for 
time  measurements;  the  value  of  a  year  was  determined  by 
the  time  necessary  for  a  complete  revolution  of  the  earth 
around  the  sun,  while  the  length  of  a  day  was  fixed  by 
the  time  of  a  rotation  of  the  earth  on  its  axis.  The  pre- 
cision with  which  these  evolutions  are  accomplished  gives 
the  required  accuracy.  The  revolution  of  the  earth  governs 
the  change  of  seasons,  while  the  rotation  is  responsible 
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for  the  alternating  periods  of  day  and  night.  With  the 
exception  of  the  month,  the  other  measurements  of  time 
mentioned  above  are  denominations  of  these  standards. 
The  month,  one- twelfth  of  a  year,  is  measured  by  the 
revolution  of  the  moon  around  the  earth. 

Solar  time,  as  its  name  implies,  is  measured  by  the 
apparent  diurnal  movement  of  the  sun.  It  is  the  variety 
of  time  in  universal  use  by  which  is  regulated  the  daily 
activities  of  life;  and  this  is  indeed  quite  natural,  for  of 
necessity  the  work  and  play  of  the  world  depend  upon  the 
light  and  darkness  that  this  body  serves  out  to  us. 

While  we  are  unconscious  of  the  earth's  rotation,  its 
effect  is  seen  in  the  apparent  daily  course  of  the  sun 
across  the  heavens,  caused  by  our  turning  past  it,  yet  in 
common  practice  the  sun  is  assumed  to  revolve  around  the 
earth,  and  is  usually  thus  spoken  of  for  the  purpose  of 
simpler  explanation. 

The  time  at  each  meridian  is  necessarily  different 
from  that  of  every  other,  as  only  one  of  them  holds  the 
same  position  relative  to  the  sun  at  the  same  time  or 
putting  it  in  another  way,  only  one  meridian  can  cross 
the  sun  at  the  same  time,  determining  local  noon  for 
those  places  located  upon  it.  It  is  forenoon  for  that  part 
of  the  world  westward  of  the  sun  and  afternoon  for  that 
portion  eastward  of  it.  As  the  earth  turns  from  west  to 
east,  the  places  or  meridians  to  the  eastward  are  first 
favored  with  the  sun's  light,  and  those  meridians  cross 
this  body  before  those  to  the  westward.  The  sun  appar- 
ently moves  from  the  eastward  to  the  westward,  crossing 
each  meridian  in  succession  until  in  a  few  hours  it  is  after- 
noon for  places  to  the  eastward  and  noon  with  us.  The 
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sun  is  now  in  our  meridian,  and  it  is  forenoon  for  people 
to  the  westward  of  us.  For  example,  at  7  A.M.,  75th  merid- 
ian time,  it  is  noon  in  England  and  dead  of  night  in  our 
Pacific  Coast;  at  our  noon  (75th),  it  is  late  afternoon  in 
England  and  breakfast  time  in  California. 

It  requires  24  hours,  solar  time,  for  the  sun  to  make  its 
apparent  revolution  around  the  earth,  this  course  being  a 
circle;  it  contains  360°  of  arc.  It  follows  that  in  one  hour 
it  passes  over  15°  of  arc,  while  4  minutes  are  required 
for  i°  to  be  traveled.  Thus  it  is  evident  that  any  arc  of 
the  circumference  of  the  earth,  or  difference  of  longitude, 
which  is  the  same  thing,  has  an  equivalent  time  value 
and  vice  versa.  That  is,  the  arc  comprised  between  the 
meridian  of  Greenwich  and  the  6oth  meridian  west,  for 
instance,  besides  being  measured  as  60°  W.,  is  equal  to  4 
hours  of  time.  Again  4  hours  of  Greenwich  time  indicates 
that  the  sun  has  crossed  the  Greenwich  meridian  4  hours 
ago  and  is  at  that  particular  instant  crossing  the  meridian 
60°  west  of  Greenwich.  If  the  arc  were  between  Green- 
wich and  a  place  60°  E.,  the  equivalent  time  interval 
would  also  be  4  hours,  because  60°  of  arc  is  everywhere 
equal  to  4  hours  of  time;  but  the  time  at  Greenwich,  with 
sun  on  the  6oth  meridian  east,  is  20  hours  of  the  previous 
day,  or  8  A.M.  of  the  present  day.  Thus:  May  14,  20 
hours,  or  May  15,  8  A.M. 

The  meridians  extend  from  pole  to  pole,  and  it  mat- 
ters not  what  parallel  you  may  be  on,  whether  north  or 
south  latitude,  your  distance  can  always  be  measured  to 
the  Greenwich  meridian  in  arc  or  time  precisely  as  well  as 
though  you  were  on  the  exact  parallel  of  Greenwich  itself. 
If  the  time  at  Greenwich  is  carried,  and  the  local  time  of 
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any  other  meridian  is  desired,  turn  the  difference  of  longi- 
tude into  time  and  apply  it  with  regard  to  signs:  —  if 
west  of  Greenwich  and  +  if  east.  The  local  time  at  any 
place  can  thus  be  calculated;  or  to  go  farther,  if  the  time 
of  any  meridian  is  at  hand,  the  time  of  any  other  place 
can  be  readily  found. 

Every  meridian  carries  a  time  of  its  own,  and  the 
instant  of  the  click  of  a  telegraph  key  may  be  recorded 
all  over  the  world  in  the  local  time  of  each  locality,  yet 
the  interval  between  this  and  a  subsequent  click  has  an 
absolute  value  which  is  the  same  at  every  place,  regard- 
less of  whether  it  is  expressed  in  solar,  sidereal  or  lunar 
time,  and  its  actual  value  is  invariable. 

For  convenience,  on  land,  our  country  is  blocked  off 
into  belts  of  standard  time,  15°  wide,  each  carrying  the 
time  of  its  central  meridian.  For  instance,  75th  meridian 
time  is  used  by  the  eastern  states,  while  just  westward 
the  clocks'  faces  show  an  hour  earlier  time,  that  of  the 
90°  belt,  and  so  on. 

It  is  a  good  rule  to  remember  in  reckoning  all  kinds 
of  time  that  the  clock's  face  shows  earlier  time  to  the 
westward,  and  from  this  it  is  easy  to  deduce  the  proper 
application  of  a  correction. 

There  are  two  kinds  of  solar  time  used  in  navigation; 
the  first  to  be  considered  is  apparent  time,  the  kind  shown 
by  the  sun  dial,  or  measured  by  the  sun  as  we  see  it.  It 
is  noon  of  the  apparent  day  when  the  sun  is  seen  with 
the  sextant  to  dip  while  taking  a  meridian  altitude.  It  is 
at  the  moment  of  dipping  that  the  navigator  announces 
12  o'clock,  and  with  the  striking  of  eight  bells  begins  a 
new  apparent  day  on  shipboard. 
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^  The  Day  Lost  and  the  Day  Gained.— The  fact  that 
the  sun  seems  to  travel  from  east  to  west,  determining  the 
local  time  for  successive  meridians  or  places  along  the 
way,  causes  an  interesting  condition  in  reckoning  time 
aboard  ship.  A  vessel  steaming  westward  on  a  parallel 
sails  with  the  sun;  in  the  forenoon  she  is  sailing  away 
from  it,  at  noon  the  sun  overhauls  the  vessel  and  they 
race  together,  but  it  becomes  a  hopeless  chase  for  the 
steamer  during  the  afternoon.  In  consequence  of  their 
similar  course,  however,  the  vessel  will  hold  the  sun  longer, 
and  the  length  of  daylight  will  be  increased  over  that  time 
allotted  a  stationary  position  in  proportion  to  the  speed  of 
the  vessel.  On  the  other  hand,  a  vessel  steaming  east- 
ward each  hour  advances  to  meet  the  sun;  at  noon  the 
effect  is  as  if  they  pass  each  other,  and  during  the  re- 
mainder of  the  day  they  are  moving  in  opposite  direc- 
tions, hence  this  vessel  has  a  shorter  term  of  light  and 
is  deprived  of  its  full  share  of  sunshine. 

In  practice  these  facts  require  the  continuous  setting 
back  of  the  ship's  clock,  keeping  apparent  time  on  a 
westbound  vessel.  Take  a  concrete  case  for  illustration: 
to-day  assume  we  are  at  sea  on  the  45th  meridian  west 
and  set  the  clock  at  the  dipping  of  the  sun,  apparent  noon; 
the  vessel  is  westbound,  steaming  along  the  equator,  and 
rolls  along  at  a  good  i5-knot  clip.  In  24  hours  by  the 
clock  we  will  cover  360  miles,  or  360'  of  arc  on  the  equa- 
tor, which  is  equal  to  6°  difference  of  longitude.  (Should 
the  easting  or  westing  be  made  in  higher  latitudes,  the 
difference  of  longitude  will  be  increased  proportionately.) 
So  when  the  ship's  clock  shows  noon  we  will  be  6°  farther 
west  than  at  the  preceding  noon,  or  in  51°  west.  The 
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navigator,  should  he  observe  the  sun,  would  find  it  had 
not  reached  its  highest  altitude  (the  meridian),  and  he 
would  be  obliged  to  wait  (approximately)  24  minutes, 
the  equivalent  in  time  of  6°,  before  the  sun  would  dip. 
The  clock  is  carrying  45th  meridian  time,  and  we  are  now 
determining  noon  for  the  5ist  meridian.  He  sings  out 
8  bells,  but  the  clock  shows  12.24  P.M.  The  ship  has 
gained  24  minutes  by  sailing  with  the  sun,  and  the  clock 
is  set  back  and  a  fresh  start  is  made. 

A  vessel  sailing  east  has  the  opposite  experience.  The 
nagivator,  if  guided  by  the  ship's  clock,  would  find  that 
the  sun  had  dipped  some  24  minutes  before  noon  if  a 
run  similar  to  the  above  mentioned  was  made  eastward. 
In  this  case  the  apparent  time  of  the  5ist  meridian  is  shown 
by  the  clock,  while  the  ship  has  moved  on  to  the  45th, 
and  the  tune  of  noon  is  correspondingly  approximately 
24  minutes  earlier  than  the  clock  admits. 

In  the  above  example,  the  clock  in  the  first  instance 
is  24  minutes  fast  and  is  set  back  that  amount  to  correct 
it  for  the  time  of  the  51°  meridian  W.;  but  this  time  can- 
not be  thus  arbitrarily  thrown  away  without  some  subse- 
quent reckoning.  There  is  just  so  much  time  all  over  the 
world,  and  there  are  no  gaps  or  extra  intervals;  it  is 
absolute  in  its  uniform  flow.  Therefore,  there  must  be 
a  way  of  squaring  ourselves  with  Old  Father  Time. 

But  let  us  follow  the  voyage  farther  and  see  what 
transpires:  Continuing  the  course  westward  and  ignoring 
for  convenience  all  intervening  land,  each  day  it  becomes 
necessary  to  set  the  clock  back  24  minutes  until  we  have 
circumnavigated  the  earth.  Suppose  we  took  our  depart- 
ure from  the  Greenwich  meridian  and  kept  our  log 
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throughout  the  voyage  with  great  care,  expecting,  according 
to  our  reckoning,  to  arrive  on  a  Saturday,  we  would  indeed 
be  mystified  on  arrival  to  hear  the  ringing  of  church  bells 
and  find  that  it  was  Sunday.  We  have  lost  a  whole  day 
according  to  our  log,  by  throwing  away  24  minutes  at  a 
time.  The  time  of  the  world  goes  on  just  the  same,  re- 
gardless of  how  we  juggle  the  hands  of  the  clock.  Now, 
if  we  try  a  similar  voyage  eastward  around  the  earth,  we 
will  be  setting  the  clock  ahead  24  minutes  each  day,  and 
when  the  anchor  is  dropped  on  our  return,  we  will  dis- 
cover that  it  is  Friday  instead  of  Saturday.  The  ship's 
clock  has  skipped  this  24  minutes  each  day,  and  our  log 
is  a  day  ahead  of  what  it  should  be. 

In  order  to  prevent  this  difference  of  date,  it  was  decided 
years  ago  to  establish  an  international  date  line,  which 
should  correspond  approximately,  with  the  iSoth  merid- 
ian. The  logs  of  vessels  going  west  around  the  earth  will 
be  a  day  behind  the  calendar  when  they  reach  Greenwich, 
so  a  day  is  dropped  from  the  reckoning  when  crossing  the 
iSoth  meridian;  that  is,  if  it  is  Monday,  the  next  day  in 
the  log  will  be  Wednesday.  On  the  contrary  vessels  bound 
eastward  will  be  a  day  ahead  when  they  reach  their  desti- 
nation of  Greenwich,  so  the  date  of  crossing  the  date  line 
is  entered  twice  in  the  log,  as  for  instance,  there  will 
appear  two  Mondays.  By  this  method  the  accumulated 
errors  of  chasing  local  time,  are  in  a  measure  straightened 
out,  and  ship's  logs  are  kept  in  agreement  with  the  calendar 
of  those  at  home.  Thus  it  will  be  seen  that  it  is  the  accumu- 
lation of  time  thus  gained  or  lost  that  obliges  navigators 
to  add  or  drop  a  day  to  or  from  their  logs  when  crossing 
the  i  Both  meridian. 
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In  slow  cargo  steamers  and  sailing  vessels,  particu- 
larly when  the  course  creates  but  little  departure,  the 
change  of  time  due  to  difference  of  longitude  is  not  suffi- 
ciently large  to  cause  much  inconvenience  and  can  be 
taken  care  of  by  setting  the  clock  back  or  ahead  at  noon. 
But  with  the  development  of  the  modern  steamer,  speed 
has  increased  to  such  an  extent  that  the  easting  or  west- 
ing of  certain  day's  runs  correspond  to  a  considerable 
amount  of  time,  and  to  correct  the  clock  to  local  time, 
all  at  once,  would  be  a  source  of  inconvenience  and  a 
bother.  This  is  especially  true  where  a  fast  steamer  covers 
much  easting  and  westing  in  high  latitudes  where  the  con- 
vergence of  the  meridians  has  shortened  the  degrees  of 
longitude,  thereby  increasing  the  difference  of  longitude 
over  a  similar  day's  run  in  lower  latitudes.  Hence,  in 
order  to  more  equally  distribute  its  error,  the  longitude 
at  noon  is  anticipated  by  the  navigator  and  the  clocks 
set  at  8  A.M.  for  the  local  time  of  the  approaching  noon 
meridian. 

When  the  clocks  are  set  at  noon,  they  are  correct 
only  for  the  moment  and  then  start  an  accumulating  error, 
depending  in  amount  upon  the  rapidity  of  the  easting  or 
westing  made.  But  by  anticipating  the  longitude  at 
noon,  the  forenoon  watch  will  experience  a  decreasing 
error  instead  of  one  accumulated  for  twenty  hours,  and 
still  increasing.  It  serves  to  keep  the  time  of  day  more 
nearly  correct. 

In  the  transatlantic  service,  where  high  speed  is  main- 
tained and  the  courses  result  in  a  large  amount  of  easting 
and  westing,  another  method  is  used  for  convenience. 
The  navigator  estimates  the  noon  position  of  the  next 
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day  and  accordingly  divides  the  error  into  thirds.  The 
amount  of  the  first  third  is  applied  at  n  P.M.,  the  second 
at  3  A.M.  and  the  last  third  at  5  A.M.  By  this  method 
the  error  is  distributed  between  the  "  first,"  "  mid  "  and 
"  morning "  watches.  It  is  a  matter  of  considerable 
moment,  and  no  joke,  to  the  hard-working  stokers  to  have 
the  clock  set  back  on  them  the  full  amount  of  the  day's 
run  all  at  one  time;  and  likewise  going  east,  it  would  be 
giving  an  unfair  advantage  to  those  on  duty  to  set  the 
dock  ahead  nearly  an  hour  during  the  morning  watch. 

The  apparent  or  real  sun  is  not  a  very  accurate  time- 
keeper and  its  days  are  unequal  in  length.  The  aborigines 
and  even  our  ancestors  were  content  with  the  time  of  day 
indicated  by  the  sun  dial,  but  as  the  generations  have 
passed,  each  bringing  increased  development,  time  has 
become  valuable;  the  crude  timepieces  have  been  forced 
aside  by  more  reliable  instruments  until  to-day  we  figure 
down  at  times  to  a  one  hundredth  part  of  a  second. 

It  is  impossible  to  construct  a  dock  that  will  follow 
the  irregularities  of  the  apparent  sun,  so  an  imaginary  sun 
has  been  devised  which  is  assumed  to  make  its  revolution 
at  a  uniform  speed  along  the  celestial  equator  with  exactly 
24  hours  between  its  transits  of  the  same  meridian.  This 
interval  is  the  average  of  all  apparent  days  in  one  year. 

The  varying  rate  of  the  sun's  apparent  motion  is  due 
to  several  causes  which  will  be  subsequently  discussed 
under  the  Equation  of  Time. 

The  time  measured  by  the  transit  and  progress  of 
the  mean  sun  is  called  mean  time;  if  at  Greenwich,  it  is 
Greenwich  mean  noon  and  Greenwich  mean  time  (G.  M. 
T.);  if  it  represents  the  time  of  the  observer's  place  or 
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meridian,  it  is  local  mean  time  (L.  M.  T.).  It  is  mean  time 
that  is  shown  by  all  clocks  and  chronometers  used  in 
every  day  life. 

The  distance  between  the  apparent  and  mean  suns, 
expressed  in  time,  is  known  as  the  Equation  of  Time,  and 
the  application  of  this  correction  depends  upon  which  sun 
is  ahead.  It  is  tabulated  in  the  nautical  almanac  for  every 
two  hours  of  Greenwich  mean  time,  with  hourly  differ- 
ences, so  it  can  be  reduced  for  longitude  in  tune  to  any 
meridian,  or  corrected  to  any  intermediate  Greenwich 
time.  It  is  applied  according  to  the  sign  accompanying 
it,  and  can  be  used  to  change  apparent  into  mean,  or 
mean  into  apparent  time. 

The  progress  of  the  mean  sun  across  the  sky  with 
reference  to  the  meridian  is  measured  by  the  angle  at 
the  pole  (expressed  in  time),  between  the  meridian  and 
the  hour  circle  passing  through  the  mean  sun.  This  is 
the  hour  angle  of  the  mean  sun  as  well  as  the  local  mean 
time. 

Civil  Time  is  a  variety  of  mean  time,  and  is  reck- 
oned through  12  hours  from  midnight  to  noon,  and  again 
12  hours  from  noon  to  midnight,  dividing  the  day  into 
the  well-known  periods  of  A.M.  and  P.M.  With  this  kind 
of  time,  the  day  begins  at  midnight  and  the  hour  angle 
until  noon  is  measured  eastward  through  180°  of  the 
revolution  and  westward  through  the  remaining  half  from 
noon  to  midnight.  In  other  words,  4:00  P.M.  signifies 
that  the  sun  has  a  westerly  hour  angle  of  4  hours,  while 
8:00  A.M.  indicates  that  the  sun  is  4  hours  eastward  of 
the  meridian. 

Astronomical  time  is  reckoned  westward  through  the 
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whole  24  hours  of  the  day,  o  hours  being  noon.  From 
noon  to  noon  is  an  astronomic  day.  Thus  5  P.M.  civil 
is  the  same  as  5  hours  astronomical  time,  while  5  A.M., 
May  i4th  is  the  same  as  May  i3th,  17  hours. 

In  every  solar  observation  for  time  the  real  or  apparent 
sun  is  observed  and  hence  the  time  derived  from  the  sight 
must  be  local  apparent;  to  which  the  equation  of  time 
must  be  applied  to  convert  it  into  local  mean  time.  It 
has  already  been  made  clear  that  the  longitude  is  equal 
to  the  difference  between  the  local  mean  time  and  Green- 
wich mean  time,  or  between  local  apparent  time  and 
Greenwich  apparent  time. 

SIDEREAL  TIME 

Sidereal  is  derived  from  the  Latin  word  sidus,  mean- 
ing of  or  belonging  to  the  stars.  Sidereal  time  is  meas- 
ured by  the  apparent  diurnal  revolution  of  the  stars,  re- 
sulting from  the  rotation  of  the  earth.  By  their  use  the 
conditions  which  render  the  sun  inaccurate  as  a  time- 
keeper are  eliminated;  for  the  period  of  rotation  of  the 
earth  is  so  regular  that  the  passages  of  the  stars  across 
the  meridian  occur  with  great  precision.  This  exact- 
ness enables  the  astronomer  to  keep  the  observatory  clock 
checked  to  a  remarkable  degree  of  accuracy.  These  ob- 
servatory clocks  carry  sidereal  time,  and  for  convenience 
it  is  customary  to  divide  their  faces  into  24  instead  of 
12  hours. 

Sidereal  time  is  the  bedrock  of  all  time;  for  it  is  by 
converting  it  into  solar  time  and  sending  it  throughout 
the  country  by  telegraph  and  radio  that  the  people  of 
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the  world  get  the  standard  by  which  to  set  their  clocks  and 
chronometers.  Sidereal  time  is  not  practicable  for  every 
day  use  as  its  noon  occurs,  without  regard  to  light  or  dark- 
ness, at  every  hour  of  day  or  night  during  a  year.  In 
March,  at  the  time  of  the  vernal  equinox,  it  agrees  with  the 
solar  clocks,  but  in  September  at  the  autumnal  equinox, 
its  noon  occurs  at  the  solar  midnight. 

While  the  sun  is  employed  as  the  object  of  reference 
in  solar  time,  it  may  appear  strange  that  no  particular 
star  is  thus  used  in  sidereal;  but  in  lieu  of  a  definite  stellar 
object  by  which  to  measure  the  sidereal  movement  of  the 
heavens,  we  refer  to  the  celestial  vernal  equinox. 

This  point  was  located  in  the  constellation  of  Aries 
centuries  ago,  and  hence  its  popular  name — The  First 
Point  of  Aries;  but  this  has  become  a  misnomer,  for  the 
point  has  long  ago  moved  westward  into  another  con- 
stellation, as  discussed  under  the  Precession  of  the  Equi- 
noxes. Navigators  still  cling  to  the  name,  however,  and 
the  equinox  continues  to  serve  its  purpose,  regardless  of 
its  slow  drift  westward. 

This  imaginary  point  of  reference  crosses  the  ob- 
server's meridian  much  as  the  stars  do,  with  the  differ- 
ence that  it  is  always  on  the  celestial  equator  and  acquires 
no  declination.  The  value  of  this  point  becomes  further 
enhanced  by  the  fact  that  it  always  lies  in  the  same  direc- 
tion regardless  of  our  position  in  the  orbit.  In  other 
words,  the  distance  of  the  equinox  being  infinite,  lines 
drawn  from  perhelion  and  aphelion,  respectively,  to  it, 
fail  to  produce  an  appreciable  angle. 

In  explanation  of  this  statement,  it  must  be  under- 
stood that  for  all  uses  on  the  earth  the  terrestrial  system 
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of  direction  (that  is,  using  the  bearing  of  the  north  pole 
as  a  standard,  with  east  to  the  left  and  west  to  the  right 
when  the  back  is  toward  the  pole)  is  entirely  adequate, 
but  when  dealing  with  the  direction  of  celestial  bodies,  a 
broader  standard  must  be  considered.  North  and  South 
both  have  a  definite  place  in  the  heavens,  being  the  points 
of  the  extended  axis  of  the  earth,  but  east  and  west  are 
only  relative  expressions.  To  demonstrate  this:  it  is 
possible  for  a  man,  traveling  westward  on  the  Trans 
Siberian  Railroad,  to  see  from  the  rear  platform,  in  the 
evening,  a  certain  star  bearing  eastward.  At  the  same 
moment  it  is  possible  for  an  officer  of  a  transpacific  liner 
in  the  early  morning,  to  be  taking  a  sight  of  this  same  star 
bearing  westward.  In  terms  of  absolute  direction  that  star 
bore  the  same  from  both  sides  of  the  world. 

On  the  2ist  of  March  the  earth,  sun,  and  celestial 
vernal  equinox  are  in  range,  with  the  sun  between  the 
earth  and  the  equinox.  For  a  place  in  north  latitude  on 
the  meridian  of  the  terrestrial  equinox,  the  sun  as  usual 
bears  south  at  noon  this  day,  and  hence  the  range  men- 
tioned above  bears  south  at  that  time. 

This  coincidence  of  bearing  is  only  momentary,  for 
the  earth  with  its  onward  motion  immediately  moves  out 
of  range  and  forms  an  angle  between  the  sun  and  the 
celestial  equinox.  At  noon  on  the  day  succeeding  the 
equinox  the  sun  bears  to  the  left  of  the  so-called  First 
Point  of  Aries  (celestial  vernal  equinox).  The  sun  accord- 
ing to  terrestrial  direction  always  bears  south  by  true 
compass  at  noon,  yet  the  First  Point  of  Aries  being  at  an 
infinite  distance  always  bears  the  same  by  absolute  direc- 
tion. If  this  point  could  be  seen  and  a  bearing  of  it  taken 
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by  compass  simultaneously  with  the  sun,  it  would  be, 
perhaps,  S.  i°  W.  and  so  on  widening  the  angle,  roughly 
speaking,  a  degree  each  day. 

The  interval  between  two  successive  transits  of  the 
sun  across  the  meridian  constitutes  a  solar  day,  and  like- 
wise the  period  required  for  a  certain  star  to  return  to 
the  same  meridian  is  a  sidereal  day,  but  these  two  days 
are  not  of  the  same  length.  The  solar  day  we  know  is 
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24  hours  long,  but  its  sidereal  contemporary  has  a  length 
of  only  23  hours,  56  minutes  (approximately)  solar  time. 
The  sidereal  clocks,  however,  are  geared  to  show  24  hours, 
sidereal  time,  in  23  hours,  56  minutes,  solar  time.  By 
this  it  will  be  seen  that  in  any  given  period  the  face  of 
the  sidereal  clock  will  show  more  hours  than  the  solar 
clock. 

Both  the  solar  and  sidereal  clocks  start  even  at  the 
vernal  equinox,  about  March  2ist,  but  from  then  on,  the 
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sidereal  clock  gains  on  the  solar  time  dock  about  4  min- 
utes a  day  until  in  a  year  it  is  a  full  24  hours  ahead,  show- 
ing that  there  is  one  more  day  in  a  sidereal  year  than 
in  a  solar  year.  The  approximate  relation  of  the  times 
shown  by  these  docks  is  readily  calculated  by  allowing 
a  gain  in  the  sidereal  dock  of  one  hour  for  each  15  days 
after  March  2ist,  or  two  hours  for  each  month. 

In  order  to  aid  in  a  simpler  explanation,  let  us  again 
follow  the  earth  around  its  orbit  and  note  the  conditions 
that  distinguish  sidereal  from  solar  time.  Let  us  once 
more  assume  it  to  be  the  time  of  the  vernal  equinox,  the 
docks,  both  sidereal  and  solar,  now  show  o  hours,  and 
the  sun,  the  earth  and  the  First  Point  of  Aries  are  in 
range.  The  earth  immediately  moves  out  of  line  by  virtue 
of  its  onward  motion,  and  the  sun  correspondingly  ap- 
pears to  move  eastward;  this  is  imperceptible  at  first, 
however,  and  not  noticeable  without  a  careful  measure- 
ment, as  it  seems  to  be  swallowed  up  in  the  contrary 
(westward)  diurnal  movement. 

After  24  hours  of  rotation  from  the  instant  of  the 
equinox  the  earth  turns  the  meridian  until  it  causes  the 
First  Point  of  Aries  to  transit,  marking  sidereal  noon  of 
the  first  day.  The  sidereal  clock  at  this  moment  reads  24 
hours,  but  a  glance  at  the  solar  clock  shows  u  hours  56 
minutes  A.M.,  about  4  minutes  short  of  (solar)  noon.  An 
observation  will  show  that  the  sun  has  apparently  moved 
about  a  degree  eastward  of  the  hour  drde  passing  through 
the  First  Point  of  Aries  since  the  preceding  noon,  and 
the  earth  must  turn  this  extra  degree  before  the  sun 
will  be  brought  to  the  meridian,  thus  occupying  the  4 
minutes  mentioned  above.  In  other  words,  the  earth  turns 
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360°  in  a  sidereal  day  but  must  turn  about  361°  in  a  solar 
day. 

Three  months  after  the  vernal  equinox,  the  angle 
between  the  First  Point  of  Aries  and  the  sun  becomes,  in 
round  numbers,  90°,  and  it  requires  6  hours  for  the  earth 
to  bring  the  sun  to  the  meridian  after  the  passage  of 
the  First  Point  of  Aries.  In  plainer  language,  when  the 
First  Point  of  Aries  crosses  the  meridian  (sidereal  noon) 
the  sun  is  about  90°  to  the  left — about  rising  in  the  eastern 
sky;  the  earth  must  make  a  quarter  turn,  or  6  hours,  before 
it  will  be  solar  noon.  Thus  it  will  be  seen  that  at  this 
point  sidereal  time  is  6  hours  ahead  of  solar  time. 

In  six  months,  when  the  First  Point  of  Aries  is  on 
the  meridian  the  noonday  sun  is  shining  on  the  antipodes, 
and  it  lacks  12  hours  of  solar  noon.  The  difference  be- 
tween the  sidereal  and  solar  clocks  has  now  reached  12 
hours  and  through  a  continuation  of  the  same  process 
the  interval  between  their  readings,  widens  throughout  the 
remainder  of  the  year. 

When  the  2ist  of  March  comes  around  again,  and 
the  meridian  presents  itself  to  the  sun  and  the  First  Point 
of  Aries  in  range,  a  careful  count  of  the  number  of  times 
this  latter  point  has  crossed  the  meridian  during  the  year, 
discloses  366^  transits.  That  is,  the  earth  has  actually 
turned  about  its  axis  366^  times.  The  sun  is  found  to 
have  passed  the  meridian  only  365!  times.  Counting 
the  rotations  of  the  earth  by  the  number  of  the  sun's 
transits  while  we  are  revolving  around  him,  causes  the 
apparent  loss  of  a  day  due  to  the  earth  unwinding  itself 
once,  so  to  speak,  during  the  year.  The  accumulated 
difference  amounts  to  one  sidereal  day.  Hence  it  will 
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be  seen  that  a  year  contains  3665  sidereal  days  of  23 
hours,  56  minutes  each,  and  365^  solar  days  of  24  hours 
each. 

Now  for  a  recapitulation  of  the  subject  of  time. 

The  rotation  of  the  earth  is  the  real  standard  of  meas- 
uring tune  intervals;  the  period  required  for  this  rotation 
does  not  vary.  It  has  been  suggested  that  the  tide  waves 
have  a  minute  effect  on  the  regularity  of  this  movement, 
but  the  construction  of  our  clocks  is  such,  that  if  any 
variation  exists  we  are  unable  to  detect  it.  Whether  we 
use  the  passages  of  the  stars,  or  the  transits  of  the  sun  to 
reckon  our  time,  it  falls  back  in  either  case  upon  the  diurnal 
rotation  of  the  earth. 

Apparent  time  is  measured  by  the  seeming  progress 
of  the  actual  sun.  The  time  of  its  transit  of  the  meridian 
is  irregular,  but  is  always  shown  by  its  "  dip,"  culmina- 
tion, with  the  sextant. 

Mean  time  is  reckoned  by  the  revolutions  of  a  ficti- 
tious sun,  called  the  mean  sun,  and  the  length  of  one  of 
these  revolutions  is  the  average  of  a  year  of  apparent 
days.  This,  owing  to  its  uniformity,  is  the  time  used 
for  the  everyday  purposes  of  life.  The  difference  between 
apparent  and  mean  time  is  called  the  equation  of  time, 
and,  by  applying  it  according  to  signs  given  in  the  Nautical 
Almanac,  one  can  be  converted  to  the  other  as  desired. 

Sidereal  time  is  indicated  by  the  position  of  the  First 
Point  of  Aries  relative  to  the  meridian;  it  is  star  time. 
The  stars  make  a  complete  revolution  of  the  heavens  in 
4  minutes  less  time  than  is  required  by  the  mean  sun. 
Therefore  the  sidereal  day  is  that  amount  shorter  than 
the  solar  day. 
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The  point  of  the  celestial  vernal  equinox  or  First 
Point  of  Aries  is  a  sort  of  celestial  "  bench  mark;  "  besides 
indicating  sidereal  time,  it  serves  as  a  point  from  which 
right  ascension  is  measured  eastward.  This  subject  has 
been  discussed  previously,  but  as  it  is  intimately  asso- 
ciated with  sidereal  time,  perhaps  it  may  be  made  clearer 
since  the  latter  has  been  so  fully  explained. 

Right  ascension  is  measured  on  the  celestial  equator, 
precisely  the  same  as  longitude  on  the  earth,  excepting 
that  it  is  always  measured  eastward  through  the  full  24 
sidereal  hours,  contrary  to  the  diurnal  movement  of  heav- 
enly bodies.  Moreover,  the  meridian  passing  through  the 
vernal  equinox  is  called  the  celestial  prime  meridian,  and 
sometimes  the  Greenwich  of  the  heavens.  There  is  an- 
other point  of  distinction,  however,  between  this  prime 
meridian  of  the  sky  and  our  meridian  of  Greenwich,  which, 
while  it  does  not  effect  practical  navigation,  has  to  re- 
ceive consideration  in  the  long  run;  our  longitude  values 
on  the  earth  remain  at  all  times  constant,  but  owing  to 
the  precession  of  the  equinoxes  the  celestial  prime  merid- 
ian is  slowly  moving  westward,  thus  causing  the  right 
ascensions  measured  from  it  to  become  very  slowly  in 
error  (50"  yearly). 

The  hour  angle  of  a  body  is  the  angle  formed  at  the 
pole  between  the  meridian  and  the  hour  circle  passing 
through  the  body  measured  westward. 

With  all  these  important  facts  well  in  mind  we  will 
go  ahead  under  a  slow  bell,  through  a  few  more  state- 
ments which  may  be  found  a  little  perplexing.  However, 
a  careful  study  of  the  Time  Diagram  will,  no  doubt,  drive 
away  the  haziness  so  often  surrounding  the  subject  of  time. 
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The  hour  angle  of  the  mean  sun  is  the  local  mean 
time,  and  the  hour  angle  of  the  First  Point  of  Aries  is 
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This  diagram  represents  the  plane  of  the  equator  looking  down  upon  the 
North  Pole.  The  75°  W  meridian  is  chosen  as  that  of  the  observer  and  local  time 
reckoned  therefrom.  The  arrows  on  the  outer  circumference  indicate  the  directions 
of  the  earth's  rotation;  the  other  smaller  arrows  indicate  the  direction  in  which 
each  element  is  reckoned. 

FIG.  6. 


the  local  sidereal  time.  The  local  mean  time  and  longi- 
tude in  time  accelerated  by  tables  at  foot  of  page  2,  N.  A., 
plus  right  ascension  of  the  mean  sun  is  equal  to  the  local 
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sidereal  time.  The  right  ascension  of  the  meridian  is  the 
same  thing,  exactly,  as  the  hour  angle  of  the  First  Point 
of  Aries,  and  both  of  these  are  identical  with  the  local 
sidereal  time.  The  sidereal  time  of  Greenwich  mean  noon 
is  the  same  as  the  right  ascension  of  the  mean  sun  at 
that  time.  The  hour  angle  of  a  star  plus  the  right  ascen- 
sion of  the  same  star  is  equal  to  the  local  sidereal  time. 

Difference  of  longitude  can  be  represented  by  an  in- 
terval of  sidereal  time  or  by  a  difference  of  right  ascen- 
sion, precisely  the  same  as  by  a  difference  of  solar  time. 
Thus  with  the  local  sidereal  time  calculated  from  an 
observation  of  a  star,  and  the  corresponding  Greenwich 
sidereal  time  taken  from  the  Nautical  Almanac,  the  longi- 
tude is  at  hand,  by  turning  their  difference  into  arc.  The 
fact  that  the  actual  time  interval  is  longer  in  the  case  of 
solar  time  than  in  an  interval  of  the  same  number  of 
hours  of  sidereal  time,  has  no  influence  on  the  resulting 
difference  of  longitude.  The  number  of  degrees  in  any 
arc  can  be  the  same,  yet  vary  in  linear  measurement, 
but  the  same  number  of  hours  of  solar  and  sidereal  time 
represent  the  same  proportionate  part  of  a  circle.  It  was 
just  stated  that  the  hour  angle  of  a  star  plus  its  right  ascen- 
sion is  the  same  as  the  local  sidereal  time;  now  this  is  also 
true  of  the  sun.  The  hour  angle  of  the  mean  sun  plus 
the  right  ascension  of  the  mean  sun  is  equal  to  the  local 
sidereal  time;  by  means  of  this  equality  we  are  able  to 
find  the  Greenwich  sidereal  time  on  any  occasion.  It  is 
necessary  to  have  this  element  in  order  to  compare  it 
with  the  local  sidereal  time,  which  we  find  by  observation 
of  a  star,  to  obtain  difference  of  longitude  (in  time).  In 
page  2  of  the  Nautical  Almanac  will  be  found  the  Right 
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Ascension  of  the  Mean  Sun  at  Greenwich  Mean  Noon; 
this  must  always  be  taken  out  for  the  preceding  noon. 
We  now  have  a  measure  of  sidereal  time  to  be  added  to  a 
measure  of  mean  time,  but  it  will  be  remembered  in  early 
arithmetic  that  an  apple  and  a  peach  can  not  be  added 
together  any  more  than  |  can  be  added  to  J.  The  only 
course  to  steer  is  to  reduce  the  quantities  to  a  common 
denominator,  or  like  quantities.  So  in  handling  these 
two  varieties  of  time,  solar  time  must  be  accelerated 
by  adding  a  correction  to  it,  or  sidereal  time  retarded  by 
subtracting  an  amount  necessary  to  make  it  equal  to  a 
corresponding  value  of  solar  time.  The  tables  for  the 
conversion  of  one  of  these  varieties  of  time  to  the  other 
are  found  in  the  American  Ephemeris  Tables  II  and  III, 
Bowditch  Tables  8  and  9,  and  at  the  foot  of  pages  2  and  3, 
Nautical  Almanac. 

A  practical  illustration  of  this  may  make  a  clearer 
impression.  In  the  early  evening  of  April  8th,  secured  a 
sight  of  Regulus;  the  chronometer  showed  8  days,  9  hours, 
56  minutes,  and  o  seconds  (corrected),  with  other  neces- 
sary elements  given,  the  sight  is  worked  as  usual  to  find 
the  star's  hour  angle,  which  proves  to  be: 

h.     m.    s. 
H  A  Regulus. . .  i     59    47    bearing  west. 

RA 10      3    02    RAMS...   i  h.  6m.      75. 

GMT. .  . .  9  h.  56  m.      o  s. 

L.  S.  T 12    02    49    Accel .  9  h.  i  m.     29  s. 

G.  S.  T ii    03    45    Accel. 5 6  m.  95. 


Long,  in  time 59    04    G.  S.  T .  .  n  h.      3m.    45  s, 
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This  being  a  star  sight  we  obtain  from  it  the  sidereal 
time  at  place  of  observation  and  as  the  chronometer  carries 
Greenwich  mean  time  we  seek  the  corresponding  sidereal 
time  by  adding  this  and  its  acceleration  for  a  sidereal  interval 
to  the  right  ascension  of  the  mean  sun  taken  from  Nautical 
Almanac.  The  result  is  the  Greenwich  Sidereal  Time. 

It  is  occasionally  required  to  find  the  sidereal  time 
at  the  ship  in  which  case  it  is  only  necessary  to  apply 
the  longitude  in  time  to  the  Greenwich  Sidereal  Time. 

As  Greenwich  mean  time  is  the  most  used  and  is  the  best 
understood  it  is  a  very  convenient  practice  to  carry  G.  M.  T. 
on  the  navigator's  watch.  It  is  readily  converted  into  any 
other  time  with  ease  but  serves  more  purposes  as  it  is  with- 
out conversion.  A  stop  watch  is  an  excellent  instrument 
for  taking  time  sights  where  great  accuracy  is  essential.  By 
setting  it  at  o  minutes  a  man  can  observe  alone  starting  the 
watch  as  he  makes  contact  with  the  horizon  and  when 
subsequently  comparing  with  the  chronometer  subtract  the 
reading  of  the  watch  to  get  the  G.  T.  of  observation. 

The  most  expeditious  way  to  convert  time  into  arc 
is  to  multiply  the  hours  by  15  and  add  the  number  of 
minutes  divided  by  4  to  get  the  degrees;  multiply  the 
remaining  minutes  by  15  and  add  the  seconds  divided  by 
4  to  get  the  minutes;  multiply  the  remaining  seconds  by 
15  to  get  the  seconds  in  arc: 

Thus: 

Long,  in  time 


2  hrs. 

42  m. 

233. 

30 

3° 

45 

10 

5 

Long,  in  arc        40°  35'  45 
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To  change  arc  into  time  divide  the  degrees  by  15  to  get 
the  hours;  multiply  the  remainder  by  4  and  divide  the  min- 
utes by  15  and  add  to  get  the  number  of  minutes  (m.); 
multiply  the  remainder  of  minutes  (')  by  4  and  divide  the 
seconds  (")  by  15  carrying  the  division  of  tenths  if  desired, 
adding  the  result  to  get  the  seconds  (s.)  : 

Thus: 

Long,  in  arc        40°  35'  45" 

2  hrs.        40  m.          20  s. 
2 


Long,  in  time      2  hrs.          42  m.          23  s. 

This  may  appear  complicated  at  first  but  is  much  the 
quickest  way  of  conversion.  However,  Table  No.  7,  Bow- 
ditch  is  always  available  if  desired. 

In  getting  an  understanding  of  any  time  problem,  that 
is  such  as  changing  mean  time  into  sidereal  time;  obtain- 
ing the  hour  angle  of  a  star  or  planet;  in  seeking  the  local 
time  from  the  chronometer,  or  any  time  values  that  are 
found  perplexing,  always  draw  a  diagram.  Make  the  circle 
on  the  plane  of  the  equator,  with  the  pole  as  the  center,  and 
meridians  radiating  from  it  towards  the  circumference  of 
the  circle.  Now  imagine  for  the  moment  that  you  are  at 
the  north  pole,  and  the  date  is  the  2ist  of  September. 
The  sun  is  traveling  in  the  horizon,  and  if  the  direction  of 
the  Greenwich  meridian  is  known,  this  body  serves  as  a  time 
piece,  for  the  angle  between  this  meridian  (direction) 
and  the  sun  is  the  Greenwich  time.  This  angle  corresponds 
with  twice  the  angle  between  XII  hours  on  the  watch 
and  the  hour  hand;  or  would  (disregarding  equation  of 
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time)  coincide  with  it  if  the  watch's  face  was  divided  into 
24  hours.  Likewise  when  the  vernal  equinox  or  First 
Point  of  Aries  lies  in  the  direction  of  Greenwich  it  is  Green- 
wich sidereal  noon,  and  the  subsequent  angle  that  appears 
through  the  rotation  of  the  earth,  shows  the  Greenwich 
sidereal  time. 

EQUATION  OF  TIME 

It  is  necessary  in  considering  this  subject  to  reiterate 
some  of  the  statements  made  in  the  preceding  talk  on  time, 
but,  as  they  are  very  important,  no  time  is  wasted  by  further 
impressing  them  on  the  mind.  Let  it  be  understood  that 
the  apparent  orbit  of  the  sun  is  actually  due  to  the  earth's 
revolution  around  him,  yet  for  simpler  explanation  it  is 
considered  to  be  the  sun's  own  revolution. 

The  apparent  movement  of  the  real  sun  is  not  of  uni- 
form speed  and,  in  consequence,  it  has  become  necessary  to 
devise  a  fictitious  sun  whose  assumed  revolutions  around  the 
earth  are  at  all  times  regular  in  their  rate. 

The  equation  of  time  is  the  difference  between  these  two 
suns  and,  as  they  are  at  times  in  conjunction  and  at  other 
times  attain  a  distance  from  each  other  of  16  minutes  20 
seconds,  and,  moreover,  as  the  real  sun  is  sometimes  ahead 
and  again  in  the  wake  of  the  mean  sun,  it  becomes  evident 
that  the  equation  of  time  is  an  ever  varying  quantity. 

The  irregularity  of  the  sun's  apparent  movement  as 
compared  with  the  uniformity  of  the  mean  sun,  is  subject 
to  two  causes:  First,  the  earth  travels  in  an  ellipse,  and, 
as  the  length  of  a  degree  varies  in  the  different  parts  of  the 
circumference,  the  motion  would  appear  to  be  irregular, 
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That  is,  if  the  sun  actually  traveled  at  a  uniform  rate,  it 
would,  from  the  above  fact,  appear  to  us  to  be  variable  in 
its  motion;  furthermore,  the  laws  of  forces  only  allow  a  body 
traveling  in  a  circle  the  privilege  of  a  uniform  speed  so  the 
earth,  owing  to  its  varying  distance  from  the  sun,  expe- 
riences a  corresponding  change  in  the  amount  of  attraction 
exerted  upon  it  by  the  sun  and  its  velocity,  actually  becomes 
variable.  Thus,  during  the  winter,  December  and  January, 
when  they  are  nearest  each  other,  the  attraction  is  strongest 
and  the  earth  increases  its  speed  in  revolution;  while  in 
June  and  July  the  earth  is  at  its  greatest  distance  from  the 
sun  and  the  attraction  is  less,  resulting  in  a  slowing  down 
in  the  rate  of  the  onward  movement.  As  the  sun  appears 
to  us  to  take  on  movements  corresponding  to  those  of  the 
earth,  these  variable  movements  of  the  latter  are  seen  in 
the  apparent  motion  of  the  sun.  Second,  the  plane  of  the 
earth's  orbit  is  inclined  at  an  angle  to  that  of  the  equator, 
which  makes  the  sun  appear  to  be  traveling  at  a  variable 
speed  along  the  ecliptic. 

With  these  two  errors  combined  influencing  the  apparent 
sun,  he  becomes  unreliable  for  regulating  timepieces.  The 
mean  sun,  which  was  originated  to  obviate  these  irregular- 
ities, is  assumed  to  travel  in  a  circle  with  the  earth  located 
in  the  centre,  which  disposes  of  the  first  reason  for  an  ap- 
parent variable  motion;  and  again,  the  mean  sun  revolves 
in  the  plane  of  the  equator,  thus  eliminating  the  second 
obstacle  in  the  way  of  uniform  time. 

Now  we  will  continue  a  little  farther  into  the  explanation 
of  the  reasons  for  the  irregular  movement  of  the  real  sun. 
A  law  discovered  by  Kepler,  and  named  for  him,  provides 
that  a  radius  from  the  sun  to  the  earth  covers  sectors 
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of  equal  areas  in  equal  times;  a  sector  equal  in  area  to  any 
sector  covered  in  the  same  time.  That  is,  when  the  earth 
is  in  that  part  of  the  orbit  near  the  vernal  equinox,  the 
radius  of  the  orbit  will  in  a  given  time,  say  a  week,  sweep 
over  a  certain  area;  the  earth  proceeds  toward  aphelion 
and  when  in  the  vicinity  of  that  point,  the  radius  becomes 
greatly  increased  in  length.  Now  in  a  week  with  this  longer 
radius,  a  far  greater  area  would  be  covered  if  the  earth 
maintained  the  same  rate  of  speed  as  at  the  equinox,  but 
Kepler's  law  says,  "  equal  areas  in  equal  times,"  so  in  order 
to  conform  with  the  law,  the  earth's  speed  of  revolution 
must  be  reduced.  The  earth  does  not  slow  down  just  for  the 
sake  of  obeying  Kepler,  but  at  this  part  of  the  orbit  it  is 
at  its  greatest  distance  from  the  sun  and  hence  the  reduced 
attraction  causes  the  earth  to  lag  a  little. 

At  the  time  of  the  autumnal  equinox,  an  area  similar 
to  that  of  the  vernal  equinox  is  covered.  As  the  earth  ap- 
proaches perihelion,  the  radius  is  gradually  shortened  by 
the  eccentricity  of  the  sun  in  this  part  of  the  orbit  and 
the  increased  attraction  causes  the  earth  to  speed  up 
correspondingly.  At  the  increased  speed,  the  shorter 
radius  sweeps  the  same  area  in  a  week  as  at  other  parts 
of  the  orbit  and  Kepler's  law  still  holds  good. 

As  the  apparent  motion  of  the  real  sun  corresponds 
exactly  with  the  real  motion  of  the  earth,  it  is  evident  from 
the  above  that  the  real  sun  apparently  moves  at  different 
rates  of  speed  along  the  ecliptic,  faster  in  winter  and  slower 
in  summer  than  the  mean  sun. 

The  value  of  a  mean  solar  day  is  the  average  of  a  year  of 
apparent  days,  or  in  other  words,  there  is  the  same  number 
of  mean  solar  days  in  a  year  as  there  are  apparent  days.  ; 
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In  considering  the  effect  of  the  variable  motion  of  the 
earth  in  its  orbit,  we  will  recall  the  conditions  used  when 
denning  sidereal  and  solar  days.  The  former  comprises  the 
interval  between  two  successive  passages  of  a  certain  star 
across  the  meridian,  or  perhaps  better,  between  two  suc- 
cessive passages  of  the  meridian  over  a  star.  This  is  the 
true  length  of  the  earth's  rotation  and  is  the  standard  to 
which  we  may  refer  the  length  of  the  mean  or  apparent 
solar  days. 

Now  it  requires  about  3  minutes  56  seconds  longer 
for  the  meridian  to  sweep  around  from  sun  to  sun  than  from 
star  to  star,  owing  to  the  fact  that  the  mean  sun  moves 
uniformly  eastward  that  amount  daily,  thereby  requiring 
the  meridian,  after  reaching  its  position  of  yesterday  noon, 
to  overhaul  the  mean  sun  this  3  minutes  56  seconds  of  east- 
ward movement.  The  mean  sun  maintains  this  uniform 
difference  between  its  days  and  the  length  of  the  sidereal 
day.  Without  this  daily  easting  of  the  sun,  the  sidereal  and 
solar  day  would  be  the  same. 

But,  in  considering  the  apparent  sun,  we  find  the  length 
of  its  days  continually  varies  from  both  that  of  the  sidereal 
and  mean  day.  This  is  explained  by  the  fact  that  the  east- 
ward movement  of  the  apparent  sun  is  due  to  the  movement 
of  the  earth  in  its  orbit,  and  as  this  movement  becomes 
faster  or  slower  the  eastward  movement  of  the  sun  becomes 
correspondingly  faster  or  slower.  Thus,  we  readily  see  that 
with  the  apparent  sun  moving  eastward  faster  or  slower  at 
times,  the  length  of  the  apparent  day  must  vary  accordingly 
and  we  cannot  establish  a  uniform  difference  between  it 
and  the  sidereal  day,  as  in  the  case  of  the  latter  and  the 
mean  day.  The  apparent  days  exceed  the  mean  days  in 
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length,  between  September  and  March,  while  the  earth  is 
traveling  fastest  in  its  orbit.  Beginning  at  the  autumnal 
equinox  with  the  apparent  sun  eight  minutes  behind  the 
mean  sun,  the  former  gains  slowly  at  first  but  with  in- 
creasing rapidity.  About  the  end  of  December,  at  peri- 
helion, it  overhauls  the  mean  sun  and  they  are  coincident 
as  regards  this  correction  only.  Leaving  perihelion,  the 
apparent  sun  rapidly  takes  the  lead  but  with  a  gradually 
decreasing  amount  until  at  the  equinox  in  March,  reaches 
its  maximum  lead  of  8  minutes.  Entering  that  portion 
of  the  year  March  to  September,  we  find  the  earth  traveling 
slower  and  the  mean  sun  gaining  on  the  apparent  sun;  be- 
tween the  vernal  equinox  and  aphelion,  the  mean  sun  gains 
until  both  are  together  at  the  summer  solstice  and  then 
forging  ahead  the  mean  sun  attains  a  lead  of  8  minutes  in 
September. 

It  must  be  borne  in  mind  that  this  error  is  caused  only 
by  the  eccentricity  of  the  orbit  and  is  but  a  component  part 
of  the  whole  correction  of  the  equation  of  time.  The  other 
portion  is  due  to  the  obliquity  of  the  orbit,  or  its  inclina- 
tion to  the  equator. 

This  error  is  introduced  through  the  fact  that  the  ap- 
parent sun  moves  in  the  ecliptic  and  the  mean  sun  is  as- 
sumed to  proceed  along  the  celestial  equator.  In  consider- 
ing this  phase  of  the  question,  we  will  ignore  entirely,  for 
the  time  being,  the  error  of  eccentricity  described  above. 

The  error  of  equation  of  time  due  to  the  obliquity  of 
the  orbit  is  a  simple  one  to  see,  but  like  many  simple 
things  it  is  easier  to  show  it  by  a  diagram  than  to  explain  in 
words,  so  the  reader  is  referred  to  the  accompanying  figure, 
that  a  study  of  it  may  be  made  before  proceeding. 
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At  the  equinoxes,  where  the  ecliptic  and  equator  cross 
and  the  solstices  —  the  vertices  of  the  ecliptic  —  that  is,  four 
times  a  year,  the  true  and  mean  sun  are  together,  but 
departing  from  these  points  they  do  not  travel  with  the 
same  right  ascension,  remembering  that  right  ascension  is 
measured  on  the  equator.  Taking,  for  example,  the  earth 
in  that  quadrant  of  the  orbit  comprised  between  the  vernal 
equinox  and  summer  solstice,  the  apparent  sun  in  the 
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heavens  would  be  by  cause  of  obliquity  alone,  to  the  right 
or  to  the  westward  of  the  mean  sun,  and  thus  it  will  be  seen 
that  with  the  earth  rotating  from  right  to  left  the  apparent 
sun  will  cross  the  meridian  first;  consequently  between 
March  2ist  and  June  2ist  that  part  of  the  equation  of 
time  due  to  the  obliquity  of  the  orbit  bears  a  minus  sign 
when  mean  time  is  desired  from  the  apparent  time.  This 
correction  reaches  its  maximum  half-way  or  45°  from  the 
equinox,  amounting  at  that  point  to  nearly  10  minutes. 
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Now  the  reason  for  this  difference  between  the  mean 
and  apparent  sun  when  each  (so  far  as  this  problem  is  con- 
cerned) moves  along  its  respective  path — the  equator  and 
the  ecliptic — at  the  same  rate,  is  this:  suppose  the  equator 
between  the  equinox  and  the  solstice  is  divided  into  an 
equal  number  of  parts  and  an  hour  circle  drawn  through 
each  point  of  division.  Beginning  from  the  equinox  (the 
common  apex  of  the  triangle)  the  arc  of  each  hour  circle 
between  the  equator  and  the  ecliptic,  forms  the  altitude  of  a 
right-angled  triangle,  while  the  equator  and  the  ecliptic  are 
base  and  hypothenuse  respectively.  Thus  it  will  be  seen 
that  each  portion  of  the  equator  (base)  is  shorter  than  the 
corresponding  part  of  the  ecliptic  as  defined  the  hour 
circle,  to  the  extent  of  the  ratio  of  the  base  to  the  hypoth- 
enuse. 

This  amount  increases  with  the  increasing  size  of  the 
triangle,  but  a  new  element  enters  to  counteract  its  effect. 
With  the  increasing  divergence  of  the  ecliptic  and  equator, 
the  divergence  of  the  hour  circles  becomes  a  factor  and  as 
the  solstice  is  approached  the  divisions  on  the  equator, 
are  represented  on  the  ecliptic  by  gradually  decreasing 
spaces  between  the  hour  circles. 

The  combination  of  these  effects  produces  the  error 
due  to  the  obliquity  of  the  orbit.  The  error  has  the  op- 
posite effect  in  the  next  quadrant,  that  is,  from  June  to 
September;  and  in  opposite  quadrants  it  is  the  same. 

So  it  will  be  seen  that  error  due  to  the  eccentricity 
causes  the  apparent  sun  to  lead  the  mean  sun  from  Decem- 
ber 3ist  to  June  3oth,  reaching  a  maximum  of  8  minutes 
about  April  2d.  This  sun  then  falls  astern  until  December, 
again  attaining  a  maximum  of— 8  minutes  about  October 
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i  st.  The  error  due  to  the  obliquity  of  the  orbit  accumulates 
between  the  equinoxes  and  solstices  for  at  these  points  the 
two  suns  are  together  and  there  is  no  error,  but  about  the 
6th  of  May,  August,  November,  and  February,  it  reaches 
a  maximum  of  10  minutes;  in  August  and  February,  the 
mean  sun  takes  the  lead. 

These  two  errors  of  equation  of  time  combined  alge- 
braically will  result  in  the  plain  line  of  the  diagram. 


CALENDAR 

The  ancients,  in  order  to  keep  track  of  past  events  and 
to  anticipate  the  future,  devised  a  calendar,  which,  while 
not  identical  with  the  one  now  in  use,  was  of  itself  a  re- 
markable production.  They  chose  the  revolutions  of  the 
moon  as  their  basis  of  measuring  the  passage  of  time,  and, 
as  a  lunar  month  contains  only  27^  days,  the  12  months 
used  in  this  early  calendar  comprised  a  year  of  about  354 
days. 

It  became  apparent  as  the  world  progressed  that  use 
of  the  moon  was  very  unsatisfactory  for  this  purpose,  as 
the  calendar  became  complicated  and  confusion  resulted, 
owing  to  the  difference  between  the  lunar  and  solar  years. 
This  condition  remained  until  the  reign  of  Caesar,  when 
that  monarch  determined  to  establish  a  more  satisfactory 
method  of  reckoning  time.  With  the  aid  of  an  eminent 
astronomer,  he  completely  revised  the  calendar,  using  the 
revolution  of  the  earth  around  the  sun  as  thev  standard  for 
the  length  of  a  year.  The  time  required  for  this  is  365^ 
days,  approximately,  and  as  it  was  inconvenient  to  include 
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the  i  day  in  the  year,  it  was  allowed  to  accumulate  for 
4  years,  when  as  a  whole  day,  it  was  added  to  the  end  of 
February. 

Caesar,  evidently  proud  of  this  accomplishment,  honored 
himself  by  naming  his  astronomer's  invention  the  Julian 
Calendar  and  in  order  to  further  immortalize  himself  he 
changed  the  name  of  the  seventh  month  to  July.  Augustus, 
his  successor,  apparently  envious  of  the  honor  his  pre- 
decessor derived  from  this  source,  and  determined  not 
to  be  thus  outdone  in  perpetuating  his  name,  changed  the 
month  Sextilis  to  August. 

The  commonly  accepted  365  J  days  as  the  length  of  year 
is  only  an  approximation,  however,  and  the  small  difference 
between  this  and  the  actual  length  of  a  year  began  to  ac- 
cumulate until  this  weak  point  in  the  Julian  Calendar  be- 
came a  matter  of  moment.  The  exact  length  of  a  year 
from  vernal  equinox  to  vernal  equinox  is  365  days  5  hours  48 
minutes  and  46  seconds,  which  lacks  just  u  minutes  14 
seconds  of  365}  days.  This  caused  the  dates  of  the  equi- 
noxes and  solstices  to  keep  slipping  back  n  minutes  each 
year  and  when  considerable  time  had  passed  the  difference 
became  large  enough  to  cause  inconvenience;  the  date  of 
the  vernal  equinox  having  dropped  back  to  March  nth  in 
1582.  In  this  year  Pope  Gregory,  acting  under  the  advice 
of  an  astronomer  by  the  name  of  Clavius,  modified  the  Julian 
Calendar.  He  first  added  10  days  to  restore  the  date,  and 
then  to  forestall  a  further  retrogressing  of  the  calendar, 
provided  that  only  those  century  years  divisible  by  400 
should  be  considered  leap  years.  In  this  way  the  n 
minutes  14  seconds  was  prevented  from  causing  further 
mischief.  This  calendar  known  as  the  Gregorian  Calendar 
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is  now  in  almost  universal  use,  though  at  first  it  was  adopted 
only  by  Catholic  countries. 

It  is  interesting  to  note  that  the  time  consumed  by  the 
sun  in  making  his  apparent  yearly  revolution  from  a  certain 
star  back  to  that  star  again  is  a  sidereal  year  of  365  days 
6  hours  9  minutes  9  seconds.  The  tropical  year — the  one 
in  common  use — is  shorter,  being  the  time  required  for  the 
sun  to  leave  and  return  to  the  vernal  equinox,  or  First 
Point  of  Aries.  This  point,  it  will  be  remembered,  is  moving 
westward  about  50"  annually,  and  it  will  be  seen  that  while 
the  sun  starts  its  eastward  revolution  among  the  stars,  the 
equinox  is  very  slowly  moving  westward  to  meet  him,  thus 
making  the  tropical  year  about  20  minutes  shorter  than 
the  sidereal  year. 

While  discussing  the  calendar  it  is  an  opportune  time 
to  explain  a  matter  concerning  the  dates  of  the  equinoxes 
and  solstices.  It  has  of  course  been  noticed  by  everyone 
that  the  vernal  equinox  occurs  one  year  on  March  2oth  and 
another  on  March  2ist,  or  the  summer  solstice  on  June  22d 
and  yet  another  year  on  June  2ist  and  so  on. 

Aside  from  the  slight  change  due  to  the  dropping  back 
of  the  seasons  in  the  orbit  by  the  precession  of  the  equi- 
noxes, the  actual  time  of  the  equinoxes  and  solstices  may 
be  considered  as  constant,  yet  the  dates  vary  a  few  hours. 

The  year  in  common  use — the  tropical  year — contains 
approximately  365}  days,  yet  we  take  account  of  only  365 
days,  the  extra  J  day  being  laid  aside  for  future  reckoning. 
During  the  next  year  this  6  hours  will  be  augmented  by  6 
more;  the  next  by  another  6,  making  18  hours  ahead  of  the 
calendar.  The  fourth  year  this  amount  reaches  24  hours, 
and  a  full  day,  the  29th  of  February,  is  added  to  the  calen- 
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dar  for  that  year,  and  we  are  square  again.  But  the  dif- 
ferent equinoxes  and  solstices  occur  at  just  364 J  days; 
taking  for  example  the  vernal  equinox,  it  occurs  on  the  fol- 
lowing (approximate)  dates,  which  it  will  be  noticed  are 
6  hours  later  each  year: 

1908 — March  20,  12  hours  (leap  year). 

1909 — March  20,  18  hours. 

1910 — March  20,  24  hours  or  March  2ist  noon. 

1911 — March  21,  6  hours. 

1912 — March  20,  12  hours  (leap  year). 

It  is  evident  by  the  above  that  the  insertion  of  the  extra 
day  just  previous  to  the  equinox  in  the  leap  years,  sets  the 
date  of  the  equinox  back  a  day  by  the  calendar.  Juggling 
the  J  day  as  shown  above  causes  the  change  in  the  calendar 
dates  of  these  phenomena. 


CHAPTER  V 
Corrections  for  Observed  Altitudes 

THE  observed  altitude  of  a  heavenly  body,  as  measured 
with  the  sextant,  requires  treatment  for  numerous  errors  to 
reduce  it  to  the  true  altitude  and  make  it  ready  for  use 
in  working  any  of  the  navigational  observations.  The 
amount  of  error  varies  in  different  bodies,  the  moon  re- 
quiring the  maximum  and  the  fixed  star  the  minimum  cor- 
rection. All  the  errors  are  not  common  to  all  bodies,  that 
is,  with  some,  certain  errors  become  so  insignificant  that 
they  are  cast  aside. 

These  errors  comprise  the  index  error  of  the  sextant, 
refraction,  dip,  semi-diameter,  and  parallax.  In  Table  46, 
Bowditch,  will  be  found  the  combined  corrections  (index 
error  excepted)  to  be  applied  to  an  observed  altitude  of  a 
star  or  planet  and  to  that  of  the  sun's  lower  limb.  A  sup- 
plementary table  furnishes  an  additional  correction  to  be 
applied  to  the  semi-diameter  of  the  sun  when  accuracy  is 
desired.  These  corrections  will  now  be  discussed  in  the 
order  named: 

INDEX  CORRECTION 

The  index  and  horizon  glasses  of  a  sextant  are  supposed 
to  be  parallel  when  the  zero  of  the  vernier  and  the  zero 
of  the  limb  are  in  one,  and  with  this  the  case,  the  true  and 
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reflected  images  seen  in  the  horizon  glass  should  exactly 
coincide.  Any  difference  between  them  is  the  index  error. 

It  is  seldom  that  a  sextant  is  so  well  adjusted  that  no 
index  error  exists,  but  it  is  not  desirable  to  keep  tampering 
with  the  instrument  with  an  attempt  to  eliminate  this  error, 
for  it  will  in  time  injure  its  accuracy. 

By  testing  the  sextant  at  each  sight,  the  error  can  be 
closely  watched  and  allowance  made  for  it  in  correcting  alti- 
tude. The  easiest  and  most  accurate  method  of  ascertain- 
ing this  error  is  by  using  a  star  in  the  following  manner: 
Set  the  zero  of  the  vernier  a  little  to  either  side  of  the  zero 
of  the  limb,  and  observe  a  2d  or  3d  magnitude  star — move 
the  reflected  image  past  the  real  and  note  if  they  pass 
directly  over  one  another.  If  not,  the  horizon  glass  is  not 
perpendicular  and  needs  adjustment.  Bring  the  reflected 
star  in  exact  conjunction  with  the  real  star,  and  read  off 
the  index  correction — if  the  zero  of  the  vernier  is  to  the  left 
of  the  zero  of  the  limb — on  the  arc — the  difference  is  minus 
(  — )  and  subtracted  from  the  observed  altitude;  and  if  to 
the  right — off  the  arc — it  is  plus  (+)  and  added.  A  well- 
known  rule  of  thumb  expresses  it  thus:  if  it's  on  it's  of,  and 
if  it's  off  it's  on.  The  sea  horizon  is  also  available  for  deter- 
mining this  correction  and  serves  the  purpose  with  fairly 
accurate  results. 


SEMI-DIAMETER 

In  measuring  the  altitude  of  certain  bodies  for  navi- 
gational purposes,  it  is  necessary  to  determine  the  distance 
of  the  center  of  the  body  above  the  horizon.  To  accomplish 
this  in  an  accurate  manner  the  lower  edge  or  limb  is  brought 
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down  to  the  horizon  and  the  semi-diameter  applied  to  this 
measured  altitude.  When  the  lower  limb  is  used,  as  is  the 
usual  practice,  the  correction  for  semi-diameter  is  obviously 
plus  (+).  The  upper  limb  can  be  resorted  to,  however, 
should  the  lower  side  of  the  body  become  veiled  by  cloud, 
and  in  this  case  the  correction  is  minus  (— ). 

Semi-diameter  of  the  sun  is  obtained  readily  from  the 
Nautical  Almanac  for  each  ten-day  period,  for  it  must 
be  remembered  that  the  sun  is  continually  changing  its 
distance  from  the  earth,  and  consequently  the  diameter  of 
the  former  is  increased  and  lessened  slightly  at  different 
times  of  the  year.  For  instance:  On  January  2d,  when  the 
earth  is  near  perihelion  and  we  are  at  our  nearest  point 
to  the  sun,  the  semi-diameter  is  16'  if.go,  while  on  July 
2d,  when  we  are  in  the  remote  parts  of  the  orbit,  the  semi- 
diameter  is  only  15'  45^.69,  making  a  difference  of  over 

32". 

The  moon  being  such  a  near  neighbor  of  ours  gives  more 
trouble  in  determining  her  diameter.  Besides  being  greatly 
affected  by  her  rapidly  changing  distance  from  the  earth, 
a  further  correction  is  occasioned  by  the  fact  that  our  posi- 
tion on  the  surface  is  nearer  the  moon  at  times  than  is  the 
center  of  the  earth.  That  is,  when  the  moon  is  in  the  zenith 
we  are  4090  miles,  the  earth's  -radius,  nearer  that  body 
than  when  she  is  in  our  horizon.  It  is  evident  that  the 
direction  of  the  moon  in  our  sensible  horizon  is  at  right 
angles  to  a  perpendicular  erected  at  our  place  of  observa- 
tion and  passing  through  the  earth's  center,  and  this  again 
makes  it  evident  that  the  moon  is  about  equally  distant 
from  the  earth's  center  and  our  position  on  the  surface; 
but  as  she  ascends  the  heavens  she  comes  nearer  our  posi- 
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tion  until  in  the  zenith  the  distance  has  been  reduced  by 
4000  miles  and  the  diameter  appears  correspondingly 
larger.  Draw  a  diagram  and  see  for  yourself.  This 
Augmentation  of  the  Semi-diameter,  due  to  the  altitude, 
is  found  tabulated  in  Bowditch,  Table  18. 

The  semi-diameter  becomes  too  small  to  consider  in  or- 
dinary navigation  when  observing  any  of  the  planets,  and 
of  course  fixed  stars  are  beyond  its  scope. 

REFRACTION 

Everyone  knows  that  the  blade  of  an  oar  when  dipped 
in  the  water  appears  to  be  bent  in  a  remarkable  manner  at 
the  surface.  This  is  a  clear  case  of  refraction.  Should  the 
oar,  however,  be  held  under  everywhere  at  an  equal  depth, 
a  square  look  downward  at  it  would  fail  to  show  any  refrac- 
tion. So  it  becomes  evident  that  refraction  is  caused  by 
the  rays  of  light  passing  obliquely  from  a  rarer  to  a  denser 
medium  or  vice  versa.  A  ray  of  light  coming  from  a 
heavenly  body  to  the  earth  passes  through  a  medium  of 
gradually  increasing  density,  from  the  thin  outer  air  to 
the  denser  atmosphere  at  the  surface  of  the  earth.  The 
ray  of  light  consequently  becomes  curved  downward  and 
reaches  the  earth  at  a  point  nearer  the  heavenly  body 
than  would  be  the  case  if  the  light  ray  traveled  in  a  straight 
line.  The  effect  of  this  to  the  observer  is  that  the  body 
appears  higher  than  it  really  is.  The  difference  between  the 
actual  direction  of  the  ray  of  light  unaffected  by  the  air, 
and  our  line  of  vision  as  we  see  the  body,  is  the  refraction. 

The  amount  of  refraction  ordinarily  affecting  an  ob- 
served altitude  depends  upon  the  distance  of  the  body 
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above  the  horizon.  At  the  zenith,  the  rays  of  light, 
entering  our  atmosphere  perpendicularly,  are  not  deflected 
and  refraction  is  nil.  But,  on  the  other  hand,  when  the 
body  is  near  the  horizon,  the  rays  of  light  pass  through 
the  atmosphere  at  a  sharp  angle  and  are  consequently 
subject  to  the  greatest  bending,  thus  giving  us  our  maxi- 
mum refraction.  In  fact,  this  element  becomes  so  unre- 
liable in  low  altitudes  that  it  is  not  advisable  to  observe 
a  body  when  less  than  10°  or  13°  above  the  horizon.  This 
in  no  way  concerns  bearings  taken  of  bodies  in  the  horizon 
for  amplitude,  as  refraction  affects  the  altitude  and  not  the 
azimuth  of  a  body. 

DIP 

It  is  a  well-known  fact  to  every  seaman  that  by  going 
aloft,  he  can  pick  up  a  light  sooner  than  on  deck;  that  is, 
the  higher  his  elevation  the  wider  his  horizon  becomes.  The 
horizon  of  a  man  in  a  small  boat  is  only  about  3  miles  away, 
but,  if  he  climbs  to  the  bridge  of  a  steamer  some  60  feet 
above  the  water,  he  finds  that  the  horizon  has  receded  until 
he  has  a  range  of  about  9  miles. 

The  fact  that  the  horizon  can  be  altered  by  changing 
the  altitude  should  appeal  to  every  navigator  as  a  possible 
means  of  getting  a  horizon  in  foggy  weather,  by  going  aloft 
or  getting  as  low  as  possible,  provided  the  fog  bank  is  lying 
above  or  close  to  the  water. 

The  altitude  of  a  body  is  measured  to  the  visible  hori- 
zon, yet  the  measurement  must  be  adjusted  to  the  sensible 
horizon  before  the  true  altitude  can  be  obtained.  This 
correction  is  accomplished  by  applying  to  the  observed  alti- 
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tude  the  amount  of  the  angle  formed  at  the  observer's  eye 
by  the  planes  of  the  sensible  and  visible  horizons.  The 
angle  is  known  as  the  dip  of  the  horizon.  It  is  readily 
seen  that  this  angle  always  makes  the  observed  altitude  too 
large,  for  the  eye  if  located  at  the  exact  surface  of  the  sea, 
theoretically  sees  the  sensible  and  visible  horizons  in  one, 
while  at  every  elevation  above  the  surface  it  depresses  the 
visible  horizon  correspondingly.  It  is,  therefore,  always 
necessary  to  apply  the  dip  as  found  in  Table  14,  Bowditch, 
with  a  minus  (— )  sign. 

An  inspection  of  the  table  of  dip  will  show  that  the  rate 
of  increase  of  this  error  becomes  more  rapid  as  the  height 
of  the  eye  is  diminished.  To  illustrate:  The  reader  will 
note  that  between  an  elevation  of  4  feet  and  one  of  9  feet 
there  is  a  difference  of  i  minute  in  the  dip,  while  higher  up, 
say  between  26  feet  and  38  feet,  a  difference  of  i  minute 
is  likewise  found,  yet  in  the  first  instance  there  was  a  range 
of  5  feet  and  in  the  second  a  range  of  12  feet.  This  fact 
in  itself  is  an  argument  in  favor  of  observing  altitudes  at 
a  good  height  above  the  water. 

In  calculating  a  meridian  altitude,  an  error  in  the 
dip  directly  affects  the  result  by  a  corresponding  amount, 
so  extra  care  should  be  exercised  in  this  respect.  In  this 
instance,  we  endeavor  to  locate  the  body  relative  to  our 
zenith  and  anything  that  affects  its  altitude  directly  affects 
the  latitude.  In  a  time  sight,  a  different  principle  is  in- 
volved. Here  the  position  of  the  body  as  defined  by  the 
latitude  locates  the  apex  of  one  angle  of  the  astronomical 
triangle  and  hence  a  small  error  in  the  altitude  will  very 
likely  cause  a  greater  effect  on  the  longitude. 

An  allusion  was  made  under  the  caption  of  Refraction 
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to  the  displacement  of  the  visible  horizon  by  terrestrial 
refraction  to  detect  which  requires  watchfulness  on  the 
navigator's  part.  The  familiar  "  loom  "  seen  along  the 
coast  is  an  example  of  the  workings  of  variable  refraction. 
Now  imagine  this  distortion  less  aggravated  jvith  no  land  to 
show  its  existence  and  you  have  a  good  illustration  of  this 
error. 

Refraction  of  this  nature  is  usually  found  during  light 
airs  and  calms  when  the  different  layers  of  air  arrange  them- 
selves according  to  their  temperatures.  The  heated  air  over 
land  below  the  horizon  in  hot  weather  will  displace  the 
intervening  horizon;  moreover,  when  the  air  is  warmer  than 
the  sea,  the  horizon  is  elevated  above  the  normal  and, 
when  the  conditions  are  reversed,  the  horizon  is  unduly 
depressed.  Thus  lights  become  visible  a  little  sooner  after 
a  hot  day  ashore.  The  Red  Sea,  Gulf  Stream,  mouth  of  the 
Amazon,  and  other  large  rivers  are  places  where  the  horizon 
should  be  especially  distrusted.  Capt.  Lecky,  in  his  famous 
Wrinkles  in  Practical  Navigation,  refers  to  an  experience 
he  once  had  with  this  error.  The  latitude  had  been  found 
"by  an  excellent  meridian  altitude  of  the  sun  to  be  as 
much  as  14'  in  error.  The  time  was  mid-winter — the  day 
a  clear  cloudless  one — the  sea  smooth,  and  the  horizon 
clean-cut.  Five  observers  at  noon  agreed  within  the  usual 
minute  or  half  minute  of  arc,  nevertheless,  on  making 
Long  Island  (U.  S.  A.)  in  less  than  two  hours  afterwards, 
the  latitude  was  found  wrong  to  the  amount  stated.  Many 
such  cases  have  come  under  the  writer's  notice,  but  this 
one  alone  is  cited  on  account  of  the  magnitude  of  the 
phenomenon." 

What  Captain  Lecky  said  in  his  work  on  navigation  is 
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reliable  and  this  should  serve  to  make  an  impression  as  to 
the  dangers  of  such  occurrences. 

In  clear  weather  this  displacement  of  the  horizon  may 
be  lessened  somewhat  by  observing  from  aloft.  By 
extending  the  horizon,  such  disturbing  influences  as  the 
motion  of  the  vessel  and  an  irregular  horizon  caused  by 
rough  sea  are  minimized.  In  hazy  weather,  however,  it  is 
recommended  to  observe  low,  bringing  the  horizon  as 
close  as  possible. 

PARALLAX 

In  calculating  the  true  altitude  of  a  body  the  distance 
of  its  center  above  the  horizon  is  supposed  to  be  measured 
from  the  center  of  the  earth,  or  what  is  the  same  thing,  the 
altitude  above  the  rational  horizon. 

The  application  of  semi-diameter  adjusts  the  measured 
angle  with  the  center  of  the  body,  while  parallax  corrects 
the  error  due  to  our  observing  from  the  surface  of  the  earth 
to  the  sensible  horizon,  instead  of  from  the  center  to  the 
rational  horizon. 

Parallax,  in  other  words,  is  the  angle  formed  at  the 
body  by  the  lines  drawn  from  the  observer's  position,  and 
from  the  center  of  the  earth,  respectively.  This  angle 
is  subtended  by  the  radius  of  the  earth,  and  it  is  obvious 
that  the  farther  away  a  body  is,  the  smaller  the  angle,  and 
consequently  the  less  the  parallax.  So  when  dealing  with 
planets  or  fixed  stars,  it  becomes  insignificant  and  no 
parallax  is  considered. 

The  moon,  on  the  contrary,  is  so  close  aboard  that 
the  angle  of  parallax  reaches  a  value  of  nearly  i';  as  a 
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minute  of  altitude  means  a  minute  of  latitude  and  in  turn 
a  mile,  so  with  this  body  the  error  due  to  parallax  must  be 
carefully  determined. 

In  the  case  of  the  sun,  however,  it  is  somewhat  of  a 
waste  of  time  to  bother  with  parallax,  for  it  never  exceeds 
8"  or  9"  and  such  fine  calculation  is  uncalled  for  in  ordinary 
navigation  where  so  many  greater  errors  must  be  kept 
in  sight.  However,  we  desire  to  eliminate  every  known 
element  of  error  without  undue  figures,  so  it  is  recommended 
that  Table  2oB,  Bowditch,  be  used,  where  without  extra 
trouble  the  parallax  may  be  found  conveniently  combined 
with  the  refraction. 

When  a  body  is  in  the  sensible  horizon,  the  parallax  is 
greatest.  The  angle  of  parallax  subtended  by  the  radius  of 
the  earth  is  then  an  acute  angle  of  a  right-angled  triangle 
and  is  as  large  as  it  can  possibly  be  with  the  body  at  the 
same  distance.  As  the  body  obtains  altitude  above  the 
horizon,  the  right  angle  of  the  triangle  (at  the  observer) 
becomes  obtuse  and  our  acute  angle  of  parallax  becomes 
smaller  and  smaller  until  the  body  reaches  an  altitude  of 
90° — in  our  zenith,  when  the  obtuse-angled  triangle  has 
resolved  itself  into  the  perpendicular  line  that  passes 
through  our  position  and  the  earth's  center.  The  angle  of 
parallax  here  disappears. 

When  a  body  is  in  the  horizon,  its  parallax  is  known 
as  Horizontal  Parallax  in  centra-distinction  to  Parallax  of 
Altitude.  The  latter  has  become  generally  known  among 
navigators  merely  as  parallax. 

Our  position  on  the  surface  causes  a  body  to  appear 
lower  than  if  viewed  from  the  center  of  the  earth,  so  the 
error  of  parallax  is  added  to  the  observed  altitude;  when, 
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however,  it  is  combined  with  refraction  it  is  subtracted  in 
an  observation  of  the  sun,  but  added  when  the  moon  is 
used. 

The  parallax  of  the  moon  is  excessive  because  the  radius 
of  the  earth  becomes  a  considerable  amount  when  com- 
pared with  the  close  proximity  of  the  body,  and  causes  a 
considerable  angle  at  the  body  between  the  lines  drawn 
from  the  observer  and  that  drawn  from  the  center  of  the 
earth.  The  change  in  parallax  is  so  great  that  it  becomes 
necessary  in  order  to  preserve  accuracy  to  correct  the  ob- 
served altitude  for  index  correction,  dip  and  semi-diameter, 
to  secure  an  approximate  corrected  altitude  before  attempt- 
ing to  correct  for  parallax.  The  horizontal  parallax,  which 
is  the  angle  subtended  by  the  earth's  radius  when  the  moon 
is  in  the  horizon,  is  taken  from  the  Nautical  Almanac, 
and  with  this  and  the  approximate  altitude  as  arguments, 
enter  Table  18,  Bowditch,  and  pick  out,  having  regard  for 
correction  tables  at  the  right,  the  parallax  and  refraction 
combined. 

The  usual  corrections  to  the  observed  altitude  of  the 
sun  or  stars  can  be  picked  out  at  once  from  Table  46, 
Bowditch,  where  they  are  all  combined  for  a  quick  correc- 
tion. 


CHAPTER  VI 
Latitude 

MERIDIAN  ALTITUDE 

IT  is  surprising  to  us,  in  these  advanced  days  of  nautical 
science,  to  read  of  our  adventurous  ancestors  of  a  century  ago 
navigating  their  ships  to  all  parts  of  the  known  and  un- 
known world  with  nothing  to  guide  them  but  their  dead 
reckoning  and  the  latitude  crudely  obtained  by  the  method 
of  meridian  altitude.  Many  of  our  finest  ships,  as  late 
as  the  first  decade  of  the  nineteenth  century,  sailed  to  China 
arid  back  with  no  knowledge  of  their  longitude  save  what 
the  master  guessed  it  to  be.  Even  in  later  days  much 
navigating  has  been  done  in  the  less  lucrative  trades  by 
mariners  who  had  no  knowledge  of  the  method  of  finding 
longitude.  It  required  more  time  and  distance  to  navi- 
gate by  latitude  and  dead  reckoning  only,  as  it  was  not 
always  safe  to  lay  a  course  from  an  indefinite  position 
directly  for  the  coast.  It  was  the  custom  in  the  old  days 
to  keep  off  soundings  until  on  the  latitude  of  the  port  of 
destination,  then  steer  due  west,  and  whatever  the  longi- 
tude might  turn  out  to  have  been  the  master  would  sooner 
or  later  make  the  land  in  the  vicinity  of  his  port. 

The  first  step  in  obtaining  the  latitude  by  meridian 
altitude  is  the  measurement  with  the  sextant  of  the  sun's 
altitude.  This  is  done  when  it  reaches  its  highest  point 
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in  its  course  across  the  sky;  this  occurs  when  it  bears  due 
N.  or  S.  true  and  this  moment  is  local  apparent  noon.  A 
few  minutes  before  this  time  the  image  of  the  sun  should 
be  brought  to  the  horizon,  and  by  swinging  the  lower  part 
of  the  instrument  the  image  will  be  made  to  swing  likewise 
in  an  arc;  the  lowest  point  of  its  lower  edge  (limb)  should 
then  be  brought  in  contact  with  the  horizon  as  closely 
as  the  circumstances  will  permit.  The  image  will  keep 
rising  from  the  horizon,  but  by  using  the  tangent  screw 
it  can  be  continually  brought  back  to  contact.  At  noon 
it  will  hang,  and  dip  below;  the  reading  of  the  sextant 
at  this  moment  is  the  meridian  altitude. 

In  working  the  problem  three  quantities  are  used  and 
the  navigator  must  be  familiar  with  them: 

The  first  is  the  zenith  distance  (z),  which  as  its  name 
implies  is  the  sun's  (or  stars)  distance  from  the  zenith. 
Zenith  is  90°  from  the  horizon,  so  the  true  altitude  of  the 
body  subtracted  from  90°  is  z  the  quantity  desired. 

The  second  element  is  the  declination  (d),  which  is  the 
distance  in  degrees,  minutes,  seconds,  of  the  body  either 
north  or  south  of  the  equator.  This  is  taken  from  the  Nau- 
tical Almanac. 

The  third  and  resulting  quantity  is  the  latitude,  which 
is  the  distance  in  degrees,  minutes,  seconds,  of  the  ship 
either  north  or  south  of  the  Equator. 

The  altitude  observed  taken  with  the  sextant  at  noon 
is  corrected  for  semi-diameter,  parallax,  dip,  refraction  and 
instrument  error  (if  any  exists).  These  corrections  are 
explained  hi  detail  in  Corrections  for  Observed  Altitudes. 

The  declination  of  the  sun  is  constantly  changing 
between  23!°  N.  and  23^°  S.  This  is  given  in  the  Nautical 
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Almanac  for  each  two  hours  of  Greenwich  mean  time  with 
the  difference  for  each  hour  given  for  each  day.  So  it 
becomes  necessary  to  ascertain  the  declination  at  the 
moment  of  observation,  namely,  at  local  noon.  This 
anywhere  in  the  Atlantic  will  occur  subsequent  to  Green- 
wich noon,  as  the  sun  (apparently)  passes  around  the  world 
from  the  eastward  to  the  westward  once  a  day — 24  hours— 
which  corresponds  to  360°  of  longitude.  The  rate  of  travel 
is  therefore  equivalent  to  15°  in  an  hour.  Hence  if  the 
sun  crosses  Greenwich  meridian  and  five  hours  later 
crosses  the  meridian  of  the  ship,  say  in  75°  W.,  the  interval 
is  75  divided  by  15,  or  5  hours.  During  this  interval  the 
sun  has  changed  in  declination  northward  or  southward 
and  should  be  picked  out  of  the  Almanac  for  5  hours 
Greenwich  mean  time. 

When  the  zenith  distance  and  declination  are  at  hand 
the  latitude  is  obtained  by  a  mere  algebraic  addition,  which 
is,  2+ d  —  latitude;  where,  if  the  body  bears  south  the  z 
is  marked  +,  if  north  it  is  marked  — ;  if  the  declination 
is  south  it  is  marked  —  and  if  north  it  is  +.  The  result 
of  the  addition  if  —  indicates  south  latitude,  if  +  north 
latitude.  The  meridian  altitude  of  a  star,  planet  or  moon 
is  found  in  a  similar  manner.  The  formula  of  z-\-d  —  lati- 
tude, having  regard  to  signs  named  as  above,  is  applicable 
to  each.  The  declination  and  the  correction  of  the  ob- 
served altitude  are  picked  out  of  the  Almanac  and  Bow- 
ditch  tables  in  a  somewhat  different  manner  peculiar  to 
each  body. 

It  is  found  by  many  navigators  to  be  more  convenient 
to  observe  a  body  for  meridian  altitude  by  time  than  in 
waiting  for  the  "  dip."  The  altitude  is  taken  at  exactly 
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local  apparent  noon  in  case  of  the  sun  and  the  time  of 
meridian  passage  in  the  cases  of  other  bodies.  This 
expedient  is  especially  desirable  in  observing  stars,  as 
the  horizon  is  not  as  distinct  and  the  "dip"  not  so 
easily  detected  as  with  the  sun. 

In  order  to  secure  the  local  mean  time  (L.  M.  T.)  of  a 
star's  transit,  the  G.  M.  T.  of  the  star's  transit  over  the 
Greenwich  meridian  is  found  in  the  Nautical  Almanac 
(p.  96)  for  the  first  day  of  the  month  and  correct  for  the 
day  by  table  on  next  page  (N.  A.).  The  ship's  mean  time 
of  transit  will  be  the  same,  as  both  sun  and  star  hold  their 
relative  positions  as  the  star  moves  from  Greenwich  to 
the  ship's  meridian  except  for  the  small  retardation  of  the 
sun's  movement  over  the  star's  movement.  This  is  best 
found  at  the  foot  of  page  2,  Nautical  Almanac,  where  the 
longitude  in  time  gives  the  correction  to  be  subtracted  from 
(G.  M.  T.)  of  transit  which  will  give  the  local  mean  time 
cf  transit  at  ship — the  time  to  observe  the  star.  An 
observation  of  a  planet  is  similarly  handled.  The  moon 
is  somewhat  unreliable  owing  to  its  rapid  changes  in  posi- 
tion and  the  large  corrections  necessary  to  correct  the  alti- 
tude, and  is  consequently  rather  an  unpopular  body  to 
observe.  However,  there  are  times  when  she  might  prove 
valuable  in  giving  position  when  much  needed. 

In  the  case  of  the  sun  the  time  of  transit  is  local  appar- 
ent noon,  by  applying  the  longitude  in  time  gives  Green- 
wich apparent  time  of  local  noon,  and  corrected  for  equa- 
tion of  time  gives  Greenwich  mean  time  of  transit. 

It  is  often  necessary  to  report  the  latitude  at  noon 
very  quickly  to  the  master.  This  can  be  accomplished  by 
calculating  the  problem  to  a  point  where  the  addition  or 
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subtraction  of  the  observed  altitude  is  all  that  is  necessary 
to  give  the  latitude.  The  corrections  are  applied  in  advance 
by  the  estimated  altitude,  and  declination  corrected  by  the 
estimated  longitude.  Art.  325,  Bowditch,  gives  the  con- 
stants to  be  used  in  four  different  situations. 


CIRCUM-  OR  EX-MERIDIAN  ALTITUDE 

It  frequently  happens,  especially  in  the  higher  latitudes, 
that  an  aggravating  mass  of  cloud  drives  over  the  sun  or 
other  objects  that  you  are  chasing,  with  the  tangent  screw, 
and  it  is  lost  from  view  together  with  all  hope  of  a  meridian 
altitude.  But  such  an  unfortunate  occurrence  as  the  loss  of 
the  mid-day  latitude  may  be  averted  by  employing  the  Cir- 
cum-meridian sight  or  Ex-meridian,  as  our  English  cousins 
call  it. 

The  mariner  accustomed  to  its  use  "shoots"  the  sun  and 
notes  the  time  by  chronometer  or  watch.  Or  on  cloudy 
days,  he  would  be  standing  by,  near  apparent  noon  watch- 
ing for  a  chance  to  catch  a  glimpse  of  the  object  through 
a  rift  of  cloud,  and  thereby  forestall  the  loss  of  his  lati- 
tude. 

The  theory  of  this  observation  is  extremely  simple,  being 
merely  to  add  to  the  observed  altitude,  taken  before  or  after 
apparent  noon  when  the  sun  is  being  considered,  the  amount 
of  rise  or  fall  between  the  time  of  sight  and  the  time  of  cul- 
mination, and  proceed  with  this  amended  altitude  as  in  an 
ordinary  meridian  altitude  sight. 

The  use  of  this  method  of  obtaining  the  latitude  is 
restricted  to  certain  limits.  Those  who  use  Bowditch  Tables 
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will  find  themselves  restricted  to  26  minutes  from  the  time 
of  transit  and  a  declination  of  63°,  while  Brent's  Ex- 
meridian  Tables  allow  a  greater  scope  and  their  limit  of 
70°  of  declination  includes  many  stars  that  would  be  other- 
wise unavailable.  A  good  guide  is  to  never  allow  the  num- 
ber of  degrees  in  the  zenith  distance  to  be  exceeded  by  the 
number  of  minutes  from  noon.  In  very  high  altitudes 
circum-meridians  are  not  to  be  recommended,  and  the 
higher  the  altitude,  the  more  accurate  must  be  the  time 
used.  This  is  plain  when  it  is  realized  that  the  lower  the 
sun's  altitude  at  noon,  the  more  nearly  its  diurnal  path 
approaches  the  line  of  the  horizon;  with  the  lessening 
curve  of  its  course,  comes  a  lessening  rise  near  noon, 
hence  less  accuracy  is  needed  in  the  exact  time  of  sight 
from  that  of  transit.  In  the  tropics,  however,  where 
high  altitudes  of  the  sun  prevail,  the  clouds  do  not  offer 
such  an  element  of  bother  as  they  do  farther  north  or  south, 
and  there  this  problem  as  applied  to  the  sun  loses  its  pop- 
ularity. 

In  practice  the  use  of  the  tables  of  Bowditch  makes  this 
problem  an  exceedingly  simple  one,  requiring  but  few  fig- 
ures. Table  27  contains  the  value  of  rise  of  the  body  for  one 
minute,  but  as  this  rise  varies  as  the  square  of  the  interval 
from  noon,  it  becomes  necessary  to  resort  to  another 
table  (26)  of  constants  for  a  multiplier,  in  lieu  of  the  num- 
ber of  minutes  from  noon.  That  is,  if  we  should  multiply 
the  amount  of  rise  or  fall  for  i  minute  by  the  number  of 
minutes  from  noon,  we  would  not  be  taking  into  account 
the  decreasing  rapidity  of  rise  or  the  increasing  rapidity 
of  fall  as  the  body  approaches  or  leaves  the  meridian. 
But  Table  26  provides  a  multiplier  which  reconciles  this 
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inequality  and  gives  the  proper  correction  to  apply  to  the 
observed  altitude. 

This  quantity  is  added  in  every  case  where  the  upper 
transit  is  observed  but  subtracted  when  a  sight  is  taken 
below  the  pole  where  the  conditions  are  reversed. 

There  are  several  pamphlets  and  books  on  the  market 
from  which  the  correction  to  the  observed  altitude  may  be 
obtained.  All  are  simple  in  form  and  with  their  explana- 
tions are  readily  understood.  Notable  among  these  Ex- 
meridian  Tables  are  those  by  Capt.  Armisted  Rust,  U.  S.  N. 

The  circum-meridian  is  a  reliable  method  of  finding  the 
latitude,  but  the  time  used  should  be  accurate  to  produce 
satisfactory  results.  If,  however,  the  conditions  be  favor- 
able, it  is  not  necessary  to  discard  this  observation  even 
if  the  correctness  of  the  time  is  somewhat  in  doubt,  for  in 
Towson's  Ex-meridian  Tables  is  found  this  note: 

"  If  equal  altitudes  be  taken  before  and  after  the  merid- 
ian passage,  half  the  elapsed  time  may  be  employed  as  the 
hour  angle  for  determining  the  reduction.  Or,  when  the 
altitudes  before  and  after  noon  differ  by  only  a  few  minutes, 
the  mean  of  the  two  may  be  reduced  by  employing  half  the 
elapsed  time  as  the  hour  angle  for  reducing  the  mean 
altitude." 

In  practicing  this  suggestion  it  is  necessary,  in  order  to 
preserve  accuracy,  to  put  the  vessel  on  the  nearest  east  or 
west  course  during  the  run  between  these  equal  altitude 
observations.  This  is  imperative  in  a  swift  vessel. 

The  stars  and  planets  offer  themselves  for  use  in  this 
problem  as  in  all  others,  and  here  they  possess  special 
advantages  of  which  the  mariner  may  well  avail  himself. 
Indeed,  it  may  be  said  in  truth  that  when  a  horizon  can 
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be  obtained  the  latitude  is  always  available  through  this 
problem. 

And  right  here  should  be  impressed  upon  the  navigator 
the  great  advantage  of  becoming  familiar  with  the  stars, 
not  merely  those  of  greatest  brilliancy,  but  the  "  lesser 
lights  "  that  can  be  observed.  Among  the  latter,  especial 
acquaintance  should  be  sought  with  those  whose  right 
ascensions  place  them  in  the  gaps  between  the  larger  stars, 
thus  almost  the  entire  heavens  are  included  in  the  scope 
of  operations,  making  the  latitude  and  longitude  practi- 
cally always  available,  provided  again  there  is  a  horizon. 

Star  charts,  planispheres,  and  globes  are  for  sale  every- 
where and  no  study  is  more  interesting  than  that  of  the 
ways  of  these  celestial  travelers.  They  appear  and  pass 
each  day,  year  after  year,  until  you  consider  them  as  old 
friends,  and,  as  you  come  on  deck  for  the  mid-watch, 
you  look  for  Orion,  for  instance,  the  same  as  you  look  for 
the  members  of  your  watch  at  their  proper  stations. 

But  we  are  off  our  course,  The  increasing  popularity  of 
the  circum-meridian  and  its  undoubted  accuracy  when  used 
with  time  obtained  from  a  carefully  rated  chronometer, 
is  breaking  the  hold  of  the  time-honored  meridian  alti- 
tude. There  is  no  waiting  with  cold  fingers,  perhaps,  for 
the  body  to  dip  for  this  sight,  just  shoot  the  star,  note  the 
time  and  duck  for  the  chart  room  to  work  it  up. 

The  most  favorable  position  of  a  body  for  a  circum- 
meridian  altitude  is  one  in  which  the  rise  and  fall  near  the 
meridian  are  slow.  In  the  case  of  the  sun,  it  was  explained 
that  a  low  altitude  proved  the  best,  but,  in  the  case  of  the 
stars,  we  find  another  condition;  those  near  the  pole,  or  in 
other  words,  of  large  declinations,  describe  such  small 


94,  NAVIGATION 

diurnal  circles  that  here  also  the  change  in  altitude  is 
correspondingly  small,  thus  fulfilling  a  desired  condition 
for  the  successful  working  of  this  problem.  To  illustrate 
this  point  the  reader  is  referred  to  Polaris.  Now  this  star 
has  an  extremely  small  diurnal  circle  and  it  will  be  remem- 
bered that  the  altitude  is  for  all  practical  purposes  the  same 
for  a  half  hour  either  side  of  the  meridian,  showing  the 
extreme  slowness  of  its  movement  of  revolution. 

The  stars  are  used  in  the  same  way  as  the  sun  except, 
of  course,  that  the  distance  from  the  meridian  becomes  the 
star's  hour  angle  instead  of  local  apparent  time.  This  is 
readily  obtained  as  follows:  Adding  to  the  Greenwich 
mean  time  the  sidereal  time  of  the  preceding  Greenwich 
mean  noon  (Nautical  Almanac),  together  with  the  accelera- 
tion of  Greenwich  mean  time  (Table  9  Bowditch),  gives 
the  right  ascension  of  the  meridian.  Taking  the  dif- 
ference between  this  latter  quantity  and  the  right  ascen- 
sion of  the  star,  we  have  the  star's  hour  angle,  west,  if  the 
right  ascension  of  the  meridian  is  greater  than  that  of  the 
star,  and  east,  if  contrary  conditions  exist. 

The  circum-meridian,  as  well  as  the  straight  meridian 
altitude,  is  available  for  use  of  stars  near  the  meridian  below 
the  pole,  and,  as  one  proceeds  into  higher  latitudes,  the 
pole  becomes  more  and  more  elevated,  offering  thereby 
more  opportunities  for  practicing  this  phase  of  the  problem. 
The  only  feature  to  be  remembered  in  this  case  is  that 
the  body  is  higher  at  the  time  of  a  circum-meridian  than 
when  it  transits,  so  the  correction  to  be  applied  to  the  ob- 
served altitude  must  be  subtracted  (— )  in  order  to  obtain 
the  meridian  altitude. 

The  planets,  too,  are  used  by  the  ex-meridian  altitude 
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method,  but  being  wanderers  in  the  heavens  their  right 
ascensions  and  declinations  must  be  determined  for  the 
Greenwich  date  from  the  Nautical  Almanac. 

The  amended  altitude  of  any  body  is  assumed  to  be 
the  meridian  altitude  and  is  used  in  the  familiar  formula 
z+d  =  latitude  (see  Latitude  by  meridian  altitude) ;  but  it 
must  be  borne  in  mind  that  the  result  is  not  the  latitude 
at  noon  but  at  the  time  of  sight.  If  the  observation  was 
made  say  9  minutes  before  noon  and  the  latitude  considered 
to  be  the  position  at  local  apparent  noon  as  in  an  ordinary 
meridian  altitude,  there  would  be  an  error  of  3  miles  from 
the  correct  position  for  a  20-knot  steamer. 

Another  point  to  be  guarded  against  is  that  when  taking 
several  altitudes  and  their  corresponding  times  their 
mean  cannot  be  obtained  in  the  ordinary  way,  but  each 
altitude  must  be  separately  reduced  and  the  mean  taken 
of  the  results. 

It  is  again  necessary  to  diverge  from  the  subject  to  im- 
press on  the  mariner  an  urgent  warning  against  anything 
but  the  most  untiring  vigilance  in  the  care  of  his  chronom- 
eter, and  the  keeping  of  accurate  time.  If  this  element  can- 
not be  depended  upon  there  will  be  many  hours  of  anxiety 
coming  to  him  and  probably  sooner  or  later  downright  dis- 
aster. The  almost  universal  establishment  of  time  signals 
in  all  good-sized  sea  ports  of  the  world  together  with  radio 
time  signals  sent  broadcast  allows  but  little  excuse  for  not 
obtaining  a  good  rate  by  the  time  a  vessel  is  ready  for  sea. 
Every  well-known  work  on  navigation  deals  with  the  subject 
of  rating  chronometers  and  so  no  space  will  here  be  given 
to  it.  After  reading  this  talk  on  one  of  the  most  important 
and  up-to-date  observations  where  so  much  depends  upon 
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the  accuracy  of  the  time,  the  reader  cannot  fail  to  appreciate 
this  earnest  admonishment. 


POLARIS 

The  process  of  finding  the  latitude  by  means  of  Polaris  is 
valuable,  comparatively  short  and  the  result,  if  the  con- 
ditions are  favorable,  is  accurate.  We  will  consider  it 
first  in  a  general  way. 

The  imaginary  line  representing  the  earth's  axis,  if 
extended  indefinitely,  is  presumed  to  pierce  the  celestial 
sphere  at  the  celestial  pole,  therefore  for  an  observer  stand- 
ing at  our  north  pole  this  imaginary  point  would  be 
exactly  in  the  zenith  and  hence  90°  from  the  horizon 
just  as  the  pole  is  90°  from  the  equator,  these  amounts 
evidently  bear  a  relation  to  one  another.  Should  the  per- 
son at  the  pole  leave  his  frigid  surroundings  and  proceed 
toward  the  equator,  he  would  note  that  the  pole  had 
dropped  lower  and  lower  in  the  heavens,  precisely  in  pro- 
portion to  his  progress  southward,  until  at  length,  when  the 
equator  (latitude  o°)  was  reached,  the  pole  would  be 
observed  to  be  exactly  in  the  horizon  (altitude  o°).  From 
this  it  is  easy  to  deduce  the  statement  that  the  altitude 
of  the  celestial  pole  is  equal  to  the  latitude  of  the  place  of 
observation. 

The  object  of  this  problem  then  is  to  obtain  the  altitude 
of  the  celestial  pole.  This  point,  unfortunately,  is  marked 
by  no  star  of  which  a  direct  altitude  may  be  observed  to 
aid  the  navigator  in  reaching  this  desired  result.  There,  is 
however,  a  star  of  the  2d  magnitude,  called  Polaris  (because 
of  its  proximity  to  the  pole)  with  a  polar  distance  of  only 
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ij°.  As  all  fixed  stars  are  apparently  revolving  in  circles 
around  the  celestial  pole,  this  star  joins  the  grand  proces- 
sion with  its  little  radius  of  i  J°. 

It  is  plain  that  at  no  time  can  this  star  be  more  than 
the  amount  of  this  radius  (i£°)  from  the  pole,  and  when 
on  the  meridian  either  above  or  below  the  pole  the  full 
amount  of  the  radius  is  subtracted  from  or  added  to  the 
corrected  altitude  of  the  star  to  obtain  the  true  altitude  of 
the  pole.  When  the  star  is  on  a  line  passing  through  the 
pole  and  parallel  to  the  horizon  at  its  elongations  as  it  is 
called,  the  altitude  is  then  equal  to  the  latitude,  for  its 
elevation  is  the  same  as  that  of  the  pole. 

It  requires  24  hours  for  this  star  to  complete  the  small 
circle  of  revolution,  the  same  time  required  by  every  star; 
its  movement  is  necessarily  very  slow.  By  computing  its 
hour  angle,  we  can  locate  its  position  on  this  circle, 
and  hence  by  applying  a  correction  to  its  altitude,  sub- 
tracting or  adding  according  to  the  position  of  the  star 
above  or  below  the  pole,  we  will  obtain  the  altitude  of 
the  pole. 

A  rough  estimate  of  the  position  of  the  pole  may  be 
secured  by  noting  the  position  of  the  Big  Dipper,  the  second 
star  in  the  handle,  called  Mizar,  is  approximately  in  line 
with  Polaris  and  the  pole. 

We  will  now  proceed  to  show  the  method  by  which  the 
hour  angle  is  obtained: 

In  the  talk  on  Time,  it  was  stated  that  the  local  (as- 
tronomical) mean  time  plus  the  right  ascension  of  the  mean 
sun  is  equal  to  the  local  sidereal  time;  and  again,  that  the 
right  ascension  of  a  star  plus  its  hour  angle  equals  local 
sidereal  time.  With  these  facts  as  a  basis,  the  formula  for 
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latitude  by  Polaris  given  in  the  Nautical  Almanac  will  be 
followed  in  explanation. 

The  time  of  observation  must  be  noted  by  chronometer 


Meridian 


©  =  Mean  Sun 
$  =  Polaris 
*=  First  Point  of  Aries 


Horizon 


FIG.  9. 

and  converted  into  local  (astronomical)  mean  time;  this 
must  be  corrected  by  tables  at  foot  of  page  2,  N.  A.,  in 
order  to  change  this  solar  interval  into  a  sidereal  time 
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interval;  to  this  converted  time  must  be  added  the  Green- 
wich sidereal  time  of  mean  noon  (page  2) ;  that  is,  the  hour 
angle  of  the  First  Point  of  Aries,  or  what  is  the  same 
thing,  the  right  ascension  of  the  mean  sun;  to  this  sum 
must  be  applied  a  correction  for  longitude,  in  time,  taken 
from  the  foot  of  page  2,  N.  A.  The  sum  is  the  local  sidereal 
time. 

The  reason  for  the  correction  of  longitude  is  this:  The 
difference  between  the  right  ascension  of  the  mean  sun  at 
noon  on  two  successive  days  is  3  m.  56  s.,  the  same  as  the 
accumulated  difference  between  solar  and  sidereal  time  in 
i  day.  Now  we  take  from  the  Nautical  Almanac  this 
element  for  Greenwich  mean  noon,  yet  the  sun  has  since 
covered  the  distance  equal  to  the  longitude,  and  during 
the  interval  required  to  do  this,  the  sidereal  time  has 
accelerated  over  the  solar  an  amount  which  bears  the  same 
ratio  to  the  3  m.  56  s.,  that  the  longitude  in  time  bears 
to  24  hours.  The  Nautical  Almanac  handles  the  terms 
of  this  proportion  in  tabular  form  at  the  foot  of  page  2. 
It  is  stated  that  the  sun  has  traveled  from  the  meridian 
of  Greenwich  to  the  local  meridian,  and  it  might  be  sug- 
gested that  at  the  time  of  observation  the  sun  has  covered 
this  amount  plus  the  local  hour  angle  or  the  local  astro- 
nomical mean  time.  This  is  true  but  the  amount 
of  local  hour  angle  has  been  previously  accelerated  to 
sidereal  tune  by  the  correction  to  local  astronomical 
mean  time. 

With  the  local  sidereal  time  enter  Table  I  (Nautical 
Almanac)  and  pick  out  the  correction  to  be  applied  ac- 
cording to  sign  to  the  altitude.  It  is  probably  needless  to 
say  that  the  observed  altitude  must  be  corrected  for  index 
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error,  dip  and  refraction  before  applying  this  latter  correc- 
tion, which  converts  it  into  latitude. 

This  is  called  the  Nautical  Almanac  method  and  is  suf- 
ficiently accurate  for  navigational  purposes,  but  should  a 
greater  refinement  be  desired  there  are  tables  of  further 
corrections  given  in  the  American  Ephemeris  and  Nautical 
Almanac. 

It  is  always  advantageous  to  get  an  observation  of  a 
star  near  twilight  or  dawn,  in  order  that  a  well-defined 
horizon  may  be  available;  but,  in  taking  a  sight  of  Polaris, 
another  important  feature  is  to  be  considered.  When  the 
star's  hour  angle  is  at  or  near  6  or  18  hours,  that  is,  near 
that  part  of  its  orbit  cut  by  a  line  passing  through  the  pole 
and  parallel  to  the  horizon,  it  is  rising  or  falling  most  rap- 
idly, with  the  result  that  a  small  error  in  time  will  produce 
a  considerable  error  in  the  hour  angle,  an  error  of  3  minutes 
introducing  a  difference  of  i'  in  the  latitude. 

It  is  quite  worth  while,  therefore,  to  select  a  time  for 
the  observation  of  Polaris  when  this  star  is  near  either  of 
its  culminations,  its  highest  or  lowest  positions,  where  the 
time  need  not  be  especially  accurate;  but  by  carefully 
noting  the  time  it  is  possible  to  get  good  results  at  other 
times  when  the  horizon  is  defined.  By  using  the  position 
of  the  star  Mizar,  as  suggested  above,  however,  the  navi- 
gator will  be  greatly  aided  in  selecting  the  most  propitious 
tune  for  observing  Polaris. 

#'  0"  SIGHT 

It  is  often  desirable  to  ascertain  the  latitude  before  or 
after  it  is  possible  to  do  so  by  the  ex-meridian  altitude 
method,  and  the  navigator  is  enabled  to  do  this  by  the 
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popularly  called  <t>  <f>"  method  or  Latitude  by  Single  Alti- 
tude. This  method  is  available  if  the  body  has  a  declina- 
tion of  3°  or  4°,  and  if  less  than  45°  from  the  meridian  in 
azimuth. 

We  use  the  astronomical  triangle  in  an  unusual  way  to 
arrive  at  our  latitude.  The  time  of  taking  the  altitude  is 
noted  by  chronometer  and  reduced  to  local  apparent  time, 
if  in  the  morning  and  civil  time,  subtract  from  12  hours,  or 


24  hours  if  astronomical  time  is  used.  This  furnishes  the 
time  interval  from  noon  or  what  is  the  same  as  the  hour 
angle  at  the  pole.  If  it  is  afternoon  the  local  apparent  time 
is  the  hour  angle.  The  declination  and  corrected  altitude 
each  taken  from  90°  gives  the  polar  distance  and  zenith 
distance  respectively.  A  line  is  drawn  from  the  body  per- 
pendicular to  the  meridian  dividing  the  astronomical  tri- 
angle into  two  right-angled  spherical  triangles. 

If  the  sun  is  assumed  to  be  at  the  intersection  of  this 
perpendicular  with  the  meridian,  we  have  only  a  meridian 
altitude  problem  before  us.  The  distance  from  the  equator 
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to  the  intersection  point  would  be  the  declination  and  in 
the  <£'  $"  sight  we  call  this  distance  </>".  The  distance  from 
the  intersection  to  the  zenith  would  be  the  zenith  distance 
and  we  call  it  <j>'.  Thus,  remembering  the  Z-M=Lat. 
(with  regard  to  signs)  formula,  then  if  <f>'  represents  the  Z, 
and  0"  the  d,  then  0'+0"  =  Lat.  similarly  with  regard  to 
signs,  rr" 

These  signs  are  the  same  as  in  the  meridian  altitude, 
0'  being  +  if  the  body  bears  South,  —  if  it  bears  North; 
0"  is  +  if  the  body  is  North  in  declination  and  —  if  South. 

The  computation  involved  is  to  obtain  the  values  of  0' 
and  0"  by  solving  these  triangles  and  is  as  follows: 

At  sea  on  June  2,  1919,  observed  the  altitude  of  O 
bearing  S.  and  when  corrected  was  58°  42'  oo".  The 
chronometer  time  reduced  to  L.  A.  T.  i  hr.  52  m.  P.M., 

L.A.T.  or  H.A.  i  hr.  52  m.  d  22°  6'  10" 
in  arc    28°  oo'  oo"  =  sec   0.05407 

d  22   06  10  =tan  9.60865 cosec 0.424 50 

-0-58   42  co  — sin     9.93169 

0"+      24   42  co  =tan  9.66272 sin     9.62104 

0'+       18    23  30  cos     9.97723 


Lat.      43   05  30  N. 


CHAPTER  VH 
Azimuths  and  Amplitudes 

OF  all  the  navigational  instruments  now  in  practical  use, 
there  are  few,  if  any,  that  exceed  the  mariner's  compass  in 
usefulness  to  mankind.  The  part  it  has  played  in  the  de- 
velopment of  the  world  has  been  most  important,  and  its 
utility  is  no  less  to-day  than  in  the  past,  for  the  inter- 
course of  nations  is  still  guided  by  the  compass  needle. 
With  such  a  responsibility  depending  on  this  instrument, 
it  would  naturally  be  supposed  that  its  indications  must 
be  very  accurate,  but,  on  the  contrary,  the  needle  is  swayed 
by  the  slightest  magnetic  influence  and  points  North 
only  on  rare  occasions;  and  in  steel  vessels  only  by  mere 
chance. 

The  needle  is  drawn  from  true  north  first  by  the  direc- 
tion of  the  earth's  magnetic  force  which  is  not  coincident 
with  the  meridian  owing  to  the  position  of  the  magnetic 
poles.  The  north  magnetic  pole  being  in  the  extreme 
northern  part  of  Canada,  all  the  lines  of  force  in  the  north- 
ern hemisphere  converge  toward  this  locality.  The  needle 
when  otherwise  undisturbed  lies  in  the  direction  of  these 
lines  of  force  and  takes  an  angle  with  the  meridian  depend- 
ing on  the  locality. 

The  amount  of  divergence  from  the  true  north,  or  varia- 
tion, as  it  is  called,  differs  in  different  localities  but  is  readily 
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obtained  by  a  glance  at  the  chart  where  each  compass  rose 
shows  the  amount  of  variation  at  that  place.  From  a  mag- 
netic course,  or  bearing,  the  true  course,  or  bearing,  is 
readily  found  by  the  proper  application  of  this  variation, 
which  may  be  either  easterly  or  westerly.  The  true  course 
is  to  the  right  of  the  magnetic  course,  when  considered  from 
the  center  of  the  compass,  in  easterly  variation ;  T.  R.  E. — 
True-Right-Easterly.  Remember  these  three  words  and 
the  whole  lesson  is  learned,  for  if  true  is  to  the  right 
in  easterly  variation  it  must  be  to  the  left  in  westerly; 
and  if  true  is  to  the  right  in  easterly,  the  magnetic  course 
must  be  to  the  left  of  true  course  in  easterly  and  to  the  right 
in  westerly.  In  this  way  the  true  and  magnetic  courses 
are  converted  one  to  the  other  at  will. 

If  we  were  to  sail  always  in  an  entirely  wooden  ship, 
our  compass  troubles  would  be  very  few,  for  the  above  would 
include  every  phase  of  the  situation.  As  wood  is  non- 
magnetic the  compass  would  be  uninfluenced  by  outside 
disturbances.  Wood,  as  a  ship-building  material,  having 
been  so  much  displaced  by  iron  and  steel,  the  use  of  these 
metals  has  brought  many  problems  to  solve  in  connection 
with  the  deflection  of  the  compass  needle. 

The  effect  on  the  compass  needle  of  the  magnetism  in  a 
vessel  and  her  cargo  is  known  as  deviation  and  is  very 
complicated,  owing  to  many  influences  which  are  at  work 
at  all  times  giving  an  ever- varying  value  to  this  element  of 
error. 

The  causes  of  deviation  and  its  treatment  in  the  way 
of  compensating  the  compass  are  subjects  much  too  ex- 
tensive for  this  little  book;  furthermore,  they  are  carefully 
dealt  with  in  a  half  dozen  of  the  well-known  works  on  navi- 
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gation,  so  we  will  touch  only  on  the  every-day  side  of 
compass  work. 

The  deviation  changes  with  every  alteration  of  the 
vessel's  head,  owing  to  the  change  in  position  of  prominent 
parts  of  the  vessel's  hull  relative  to  each  other,  to  the  com- 
pass, and  to  the  terrestrial  lines  of  force  (magnetism). 

As  a  result  of  these  influences  on  the  compass  needle,  the 
mariner  has  three  courses  to  deal  with.  The  first  is  the 
true  course,  which  is  based  on  a  compass  whose  needle  points 
true  north.  The  second,  the  magnetic  course,  is  taken  from 
a  compass  affected  by  variation  alone  and  therefore  point- 
ing to  the  magnetic  pole.  The  third  is  the  compass  course, 
or  that  course  actually  shown  by  an  ordinary  standard  com- 
pass in  a  steel  ship,  affected  by  the  error  of  variation  com- 
bined with  the  error  of  deviation. 

The  combination  of  the  deviation  and  the  variation  is 
the  compass  error  and  is  obtained  by  adding  the  deviation 
and  variation  if  both  are  of  the  same  name,  the  compass 
error  taking  that  name;  for  instance  suppose  we  have  a 
variation  of  2°  W.  and  deviation  of  10°  W.,  the  combined 
error  is  12°  W.  If,  however,  the  variation  and  deviation 
are  of  different  names,  it  becomes  necessary  to  find  the 
difference  between  the  two  and  name  the  result  after  the 
greater  quantity;  thus,  with  a  deviation  of  4°  E.  and  a 
variation  of  10°  W.,  the  error  is  6°  W. 

The  compass  error  is  applied  to  compass  course  to  obtain 
true  course  and  vice  versa  by  the  same  rule  as  for  varia- 
tion. 

The  navigator  in  planning  his  course  between  two  posi- 
tions lays  the  parallel  rulers  on  these  positions  on  the 
chart  and  carries  this  direction  to  the  nearest  compass 
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rose.  This  may  be  a  true  rose,  in  which  event  he  remem- 
bers his  T.  R.  E.  rule,  reversing  it  in  this  case,  and  with 
the  variation  given  on  the  chart  secures  the  magnetic  course. 
In  an  iron  or  steel  vessel,  the  deviation  for  that  course 
must  be  ascertained  from  the  deviation  card  by  trial  or 
from  a  Napier  Diagram  direct  and  applied  to  the  magnetic 
course  in  order  to  obtain  the  compass  course.  This  is 
accomplished  precisely  as  in  finding  the  magnetic  from  the 
true  course  (to  the  left  if  deviation  is  easterly  and  to  the 
right  if  westerly).  The  course  by  standard  compass  is 
now  at  hand  by  which  we  can  steam  from  one  selected  point 
to  the  other. 

The  deviation  as  has  been  said  is  an  ever- varying  error, 
and  consequently  it  is  quite  impracticable  to  depend  wholly 
on  a  fixed  deviation  card.  We  may  take  aboard  some  mag- 
netic cargo  or  change  our  latitude  to  a  great  extent,  the 
vessel  may  be  pounded  excessively  by  heavy  seas,  a  stroke 
of  lightning  or  by  stranding;  all  these  are  causes  liable  to 
affect  the  deviation  more  or  less. 

In  order  to  forestall  the  serious  consequences  that  are 
liable  to  attend  such  a  derangement  of  the  normal  and 
expected  deviation,  the  careful  navigator  takes  azimuths 
or  amplitudes  on  every  course  when  practicable.  Azi- 
muths and  amplitudes  are  nothing  more  nor  less  than  as- 
tronomical bearings  of  heavenly  bodies;  they  indicate 
the  true  bearing  of  the  body,  and  the  difference  between 
this  bearing  and  the  bearing  taken  simultaneously  by 
standard  compass  is  the  compass  error. 

The  azimuth  of  a  body  is  the  angle  at  the  zenith  be- 
tween the  meridian  and  the  vertical  circle  passing  through 
the  body.  It  is  customary,  however,  to  consider  the 
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azimuth  as  measured  by  the  arc  of  the  horizon  rather  than 
by  the  angle  at  the  zenith.  It  is  measured  from  the  north 
or  south  point  according  to  the  latitude,  toward  either  the 
east  or  west  point,  through  180°. 

An  amplitude,  unlike  an  azimuth,  is  restricted  as  to 
time  of  observation,  for  the  body  must  be  on  the  horizon 
either  rising  or  setting;  and  should  be  observed  when  the 
sun  is  about  its  own  diameter  above  the  horizon  and  with 
a  not  excessive  height  of  eye.  The  amplitude  is  measured 
from  the  east  or  west  point  through  90°  to  the  north  or 
south  point.  If  the  body  observed  has  a  south  declina- 
tion and  is  rising,  the  amplitude  will  be  East  so  much 
South;  if  declination  is  north,  East  so  much  North,  for  a 
body  rises  in  the  East  point  when  its  declination  is  o° 
— on  the  equator. 

The  principle  of  the  amplitude  lies  in  the  solution  of  a 
right-angled  spherical  triangle,  whose  sides  are  the  body's 
polar  distance,  the  co-latitude,  and  the  zenith  distance 
which  is  90°,  We  desire  the  complement  of  the  angle  at  the 
zenith.  It  is  unnecessary  to  compute  an  amplitude,  for  in 
Table  39,  Bowditch,  will  be  found  the  desired  bearings  for 
different  latitudes  and  declinations.  The  sun  will  be  found 
the  most  satisfactory  of  the  heavenly  bodies  to  utilize  for 
amplitudes. 

There  are  two  methods  of  calculating  an  azimuth,  one 
known  as  the  time  azimuth  and  the  other  as  the  altitude 
azimuth.  The  former  is  the  most  popular  owing  to  the 
tables  that  have  been  compiled,  an  inspection  of  which 
facilitates  the  navigator  in  quickly  obtaining  the  true 
azimuth  of  a  body.  Before  entering  the  tables,  it  is 
necessary  to  have  as  arguments  the  latitude  and  declina- 
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tion,  and,  if  using  the  sun,  the  local  apparent  time,  or 
for  stellar  work  the  hour  angle.  Should  the  star's  hour 
angle  exceed  12  hours,  12  hours  should  be  subtracted  from 
it,  and  the  remainder  used  as  P.M.  time.  A  planet  may 
be  employed  precisely  in  the  same  manner  as  a  star. 

One  of  the  simplest  and  most  expeditious  methods  of 
securing  the  azimuth  is  by  means  of  a  diagram.  Upon  this 
convenient  invention  the  bearing  of  a  body  can  very 
quickly  be  taken  off  with  a  pair  of  rulers.  Weir's  Azimuth 
Diagram  is  sold  by  the  Hydrographic  Office  for  a  very  small 
sum.  The  only  argument  that  can  be  used  against  its 
use  is  that  it  requires  a  small  table  to  lay  it  upon.  Simple 
and  complete  directions  are  printed  on  the  diagram. 

The  altitude  azimuth  is  often  computed  at  the  same 
time  as  the  ordinary  A.M.  and  P.M  time  sights,  utilizing  the 
altitude  of  the  body  for  both  operations.  The  principle 
involved  in  computing  both  an  altitude  azimuth  and  a  time 
azimuth  is  the  solution  of  the  same  astronomical  triangle  for 
the  same  angle,  but  in  the  case  of  the  altitude  azimuth 
three  sides  are  given  (the  co-latitude,  the  zenith  distance, 
and  polar  distance)  to  find  the  angle  at  the  zenith.  In  the 
time  azimuth,  two  sides  and  the  included  angle  are  given 
(the  polar  distance,  co-latitude  and  local  apparent  time 
or  hour  angle)  to  find  also,  the  angle  at  the  zenith. 

The  azimuth  found  by  computation  should  be  named 
North  if  in  north  latitude,  or  South  if  in  south  latitude. 

It  has  been  customary  to  add  up  the  logs,  divide  by  2 
and  the  cosine  will  be  half  the  azimuth  named  from  the 
elevated  pole,  but  a  more  expeditious  way  is  after  adding 
the  logs  seek  in  the  log  haversines  and  find  the  azimuth 
directly  but  named  from  the  opposite  pole  to  the  latitude. 
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With  the  correct  bearing  of  the  sun,  and  its  simultaneous 
bearing  by  standard  compass  at  hand,  the  compass  error  is 
found  by  merely  taking  their  difference.  Now  this  error, 
as  said  before,  is  composed  of  the  sum  or  difference  of  the 
deviation  and  the  variation,  so,  if  either  is  subtracted  from 
their  sum,  or  added  to  their  difference  the  remainder  is 
the  other  quantity.  The  variation  being  always  known  is 
subtracted  from  or  added  to  the  compass  error  to  obtain 
the  deviation,  thus  checking  the  deviation  card  for  that 
particular  course  the  vessel  was  steering  at  the  time  of 
observation. 

With  the  compass  error  at  hand,  many  students  become 
perplexed  as  to  the  proper  manner  of  dealing  with  this 
error,  and  finding  from  it  the  deviation.  The  compass 
error  is  first  named,  by  considering  the  two  bearings  (com- 
pass and  true)  from  the  center  of  the  compass;  if  the  true 
is  to  the  right  of  the  compass  bearing,  the  error  is  easterly, 
if  to  the  left,  westerly. 

Now  should  the  variation  happen  to  be  identical  with 
the  compass  error,  both  in  amount  and  in  name,  there  is  no 
deviation;  if  the  variation  is  o°,  then  the  whole  error  is 
deviation.  If  by  chance  the  compass  error  is  o°,  it  indi- 
cates that  the  variation  and  deviation  are  equal  in  amount 
and  opposed  to  each  other  in  their  influence  on  the  needle. 
The  deviation,  in  such  a  case,  naturally  takes  the  opposite 
name  from  the  variation. 

In  separating  the  variation  from  the  compass  error, 
it  is  necessary  to  exercise  a  little  thought  and  to  consider 
what  deviation  applied  to  the  given  variation  will  produce 
that  compass  error.  This  will  be  readily  seen  after  a  little 
practice.  There  are,  however,  some  rules  which  are  here 
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given,  by  which  the  deviation  can  be  obtained  mechanic- 
ally. 

The  deviation  is  the  difference  between  the  variation 
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to  the  left  of  the  variation  the  deviation  is  west  and  if  to 
the  right  the  deviation  is  east. 

In  Fig.  ii  it  will  be    seen  that  the  magnetic  needle 
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drawn  by  her  own 
magnetism  (devia- 
tion) to  the  left 
(westerly)  to  E,  the 
amount  of  the  vari- 
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In  Fig.  12  the 
magnetic  compass  of  a  non-magnetic  ship  would  point  at  Vy 
but  in  a  steel  steamer  her  own  magnetism  (deviation)  draws 
it  to  E,  to  the  right  or  easterly  (deviation)  an  amount  equal 
to  the  difference  between  variation  and  error. 
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CHAPTER 
Longitude 

THE  longitude  of  any  position  on  the  earth  is  its  dis- 
tance east  or  west  from  the  meridian  of  Greenwich,  which 
has  been  chosen  as  the  meridian  of  origin.  Longitude  is 
measured  on  the  equator  eastward  and  westward  through 
180°,  completing  in  this  way  the  whole  circumference  of 
the  earth. 

The  circumference  of  every  circle  comprises  360°, 
whether  it  is  a  great  circle  of  the  earth  or  any  of  the  paral- 
lels which  range  in  size  from  a  point  at  the  poles  to  a  great 
circle  at  the  equator.  There  are  always  360°  but  the  length 
of  each  degree  is  determined  by  the  size  of  the  circle.  Thus 
a  degree  of  longitude  on  the  equator  is  60  miles,  while  on 
the  $oth  parallel  of  latitude  it  is  only  about  39  miles,  owing 
to  the  decreasing  size  of  the  parallels  of  latitude.  A 
minute  of  longitude  on  the  equator,  like  a  minute  of  lati- 
tude, is  equal  to  one  mile,  but  the  difference  between 
the  meridians  in  actual  distance  decreases  toward  the  poles 
gradually  lessening  the  linear  value  of  a  degree  of  longitude. 
Thus  it  will  be  seen  that  when  it  is  desired  to  represent  a 
difference  of  longitude  in  distance,  it  must  be  done  in  terms 
of  departure  (miles)  corresponding  to  the  particular  paral- 
lel of  latitude  of  the  position. 

The  sun  apparently  moves  around  the  earth  in  its 
diurnal  motion,  covering  360°  in  24  hours,  whether  the  dec- 
ill 
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lination  is  north  or  south,  and  a  little  simple  division 
shows  that  in  one  hour  he  passes  over  15°  of  longitude, 
whatever  the  latitude.  This  reduced  shows  that  i°  is 
passed  over  every  4  minutes.  As  the  standard  tune,  the 
world  over,  is  reckoned  by  the  movements  of  the  sun,  it  is 
plainly  seen  that  when  considering  longitude,  a  definite 
relation  exists  between  time  and  arc  (°-'-")-  Owing  to 
this  relation,  time  and  arc  become  interchangeable  by  a 
simple  process  of  conversion. 

So  it  follows  that  if  we  have  the  tune  at  Greenwich  by  a 
chronometer,  and  through  a  trigonometrical  calculation  we 
determine  the  local  mean  time  at  the  ship,  the  difference 
in  time  between  Greenwich  and  the  ship's  meridian 
represents  the  longitude  in  time,  which  is  readily  converted 
into  arc. 

The  calculation  involved  in  determining  the  local  mean 
time  is  the  solution  of  the  astronomical  triangle,  or  in  other 
words  it  is  a  problem  in  spherical  trigonometry.  This 
triangle  has  its  apex  at  the  pole  with  one  side  as  the  polar 
distance  (90°  —  declination  of  the  observed  body),  another 
side  the  co-latitude  (90°  —  dead  reckoning  latitude)  and  the 
third  side  the  zenith  distance  (90°  —  the  corrected  altitude 
of  the  body). 

It  is  one  of  the  principles  of  trigonometry  that  with  any 
three  elements  given  in  a  triangle  any  of  the  remaining 
elements  may  be  computed;  that  is,  any  angle  or  side  is 
obtainable.  The  solution  of  the  astronomical  triangle  for 
various  elements  includes  the  finding  of  the  zenith  distance 
and  from  this  the  altitude,  which  forms  the  main  feature  of 
the  problem  involved  in  the  New  Navigation.  It  also 
provides  us  with  the  angle  between  co-latitude  and  the 
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zenith  distance,  which  is  the  azimuth  of  the  body,  by  which 
the  mariner  is  able  to  ascertain  the  error  of  his  compass. 

The  most  important  feature  of  the  astronomical  triangle 
is  the  angle  at  the  pole,  known  as  the  hour  angle,  which 
when  found  secures  for  the  navigator  his  local  time.  The 
problem  presents  itself  in  the  form  of  three  sides  being 
given  to  find  one  angle.  It  is  found  by  the  time  sight 
formula,  which  is  too  well-known  to  need  any  discus- 
sion here. 

The  shape  of  the  triangle  is  determined  by  the  declina- 
tion of  the  body,  its  altitude  and  the  latitude  of  the  vessel, 
and  the  polar  or  hour  angle;  and  it  stands  to  reason  that  a 
formula  will  not  produce  the  same  accuracy  in  the  hour 
angle  with  every  shape  of  the  triangle.  For  instance, 
in  high  latitudes  or  when  the  body  has  a  declination  ap- 
proaching 90°,  the  accuracy  of  the  time  sight  formula 
becomes  effected. 

Another  very  important  point  to  bear  in  mind  when 
observing  a  body  with  the  view  of  computing  its  hour  angle, 
is  its  azimuth.  When  the  bearing  is  nearly  east  or  west,  on 
the  prime  vertical,  the  body  is  rising  or  falling  faster  than 
at  any  other  time,  and  an  error  in  altitude  or  latitude  will 
produce  the  least  error  in  the  resulting  longitude.  The 
necessity  for  close  attention  to  this  point  is  increased  with 
the  latitude.  Observations  for  time  taken  when  the  body 
has  an  azimuth  of  less  than  45°  or  over  135°  are  wholly 
unreliable. 

The  sun  does  not  always  cross  the  prime  vertical  in  his 
daily  track  across  the  heavens,  for  under  certain  conditions, 
say  during  the  northern  winter,  he  will  rise  southward  of 
east  and  set  southward  of  west.  Under  these  adverse  con- 
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ditions,  the  calculation  of  longitude  is  not  dependable,  and 
the  best  a  navigator  can  do  when  using  the  sun  is  to  ob- 
serve as  soon  as  he  has  an  altitude  sufficient  to  clear  the 
excess  refraction  existing  near  the  horizon. 

It  is  under  such  circumstances  that  star  sights  are  of 
incalculable  value,  for  a  star  can  always  be  found  in  a  suit- 
able position  with  but  little  waiting,  or  we  may  employ 
the  New  Navigation  method,  where  the  azimuth  of  the 
sun  is  as  good  one  place  as  another. 

In  order  that  a  body  will  cross  the  prime  vertical,  the 
latitude  must  be  of  the  same  name  and  greater  than  the 
declination.  In  conditions  cited  above  the  declination  o~ 
the  sun  is  south  and  the  latitude  is  north,  hence  the  body 
will  never  be  on  the  prime  vertical.  If  the  latitude  is  less 
than  the  declination,  the  sun's  diurnal  track  is  tilted  toward 
the  zenith,  instead  of  away  from  it  as  when  the  latitude  is 
greater,  and  the  result  is  that  the  sun,  while  never  on  the 
prime  vertical,  approaches  it  for  a  time  after  rising,  then 
recedes  again.  It  should  be  observed  when  at  its  nearest 
point  to  the  bearing  of  east  of  west. 

The  bearing  of  various  bodies  can  be  readily  found 
by  an  inspection  of  Hydrographic  Office  Azimuth  Tables 
Nos.  71  and  120,  the  declination  and  latitude  being  used 
as  arguments. 

There  is  a  method  of  finding  the  longitude  known  as  the 
equal  altitude  method,  but  it  is  not  valuable.  The  con- 
ditions are  exacting  where  accurate  results  are  required 
and  when  these  conditions  exist  the  ordinary  time  sight  is 
available  and  at  its  best  advantage,  so  longitude  by  equal 
altitudes  is  not  popular.  To  secure  good  results,  the 
body  must  have  an  altitude  above  70°  and  near  the  prime 
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vertical;  and,  furthermore,  the  ship  must  be  kept  on  an 
east  or  west  course  or  remain  stationary.  The  theory 
of  the  problem  is  simplicity  itself,  and  for  this  reason  is 
very  alluring,  but  the  best  use  that  equal  altitudes  can 
be  put  to  is  the  determination  of  chronometer  error  ashore, 
and  in  these  days  of  radio  time  signals  even  this  use  is 
almost  obsolete.  The  rule  is  as  follows:  Observe  the 
sun's  altitude,  simultaneously  noticing  the  time  by  chro- 
nometer and  clamp  the  sextant  to  prevent  any  chance  of  the 
altitude  becoming  disturbed.  When  the  sun  has  fallen  to 
the  same  altitude  as  of  the  forenoon  sight,  note  the  time 
again  by  the  chronometer.  The  mean  of  the  two  times, 
corrected  for  chronometer  error,  equation  of  time,  and  the 
equation  of  equal  altitudes  due  to  change  in  declination, 
in  case  of  the  sun,  is  the  Greenwich  apparent  time  corre- 
sponding to  our  local  noon  or  our  longitude  in  time,  which 
should  then  be  converted  into  arc. 

The  stars  and  planets  are  available  as  well  as  the  sun 
for  the  finding  of  longitude  and  when  there  is  a  distinct 
horizon,  stellar  sights  have  many  advantages.  The 
problem  depends  upon  the  solution  of  the  astronomical 
triangle  by  the  same  formula  as  with  the  sun. 

There  are  a  few  points  of  difference  between  a  time  sight 
of  the  sun  and  one  of  a  star  or  planet  needing  explanation. 
In  the  case  of  the  former  body,  we  naturally  compare  the 
solar  time  of  Greenwich  with  the  solar  time  of  the  local 
meridian,  but  in  stellar  work  we  employ  for  this  comparison 
stellar  time,  or,  as  it  is  more  popularly  called,  sidereal  time. 
So  it  becomes  necessary  to  turn  the  Greenwich  mean  time 
of  the  chronometer  into  Greenwich  sidereal  time  and  com- 
pare it  with  local  sidereal  time.  The  difference,  as  in  mean 
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time,  is  the  longitude  in  time,  which  is  converted  into  arc 
in  precisely  the  same  way. 

The  Greenwich  mean  time  is  turned  into  sidereal  time 
by  adding  to  it  the  right  ascension  of  the  mean  sun,  taken 
from  the  Nautical  Almanac  and  the  acceleration  for  the 
Greenwich  mean  time  (Table  9,  Bowditch).  The  local  side- 
real time  is  the  result  of  an  addition  of  the  star's  right 
ascension  and  the  star's  hour  angle,  the  right  ascension 
is  taken  from  the  Nautical  Almanac  without  correction 
if  a  fixed  star  is  being  considered  and  the  computation 
of  a  time  sight  gives  the  star's  hour  angle.  The  local 
sidereal  time  being  the  right  ascension  of  the  meridian, 
it  follows  that  the  angle  from  the  vernal  equinox  to  the 
star  plus  the  angle  from  the  star  to  the  meridian  is  what 
we  desire;  hence  the  above  rule  for  obtaining  the  local 
sidereal  time. 

Should  the  star  bear  east  of  the  meridian,  the  local 
sidereal  time  may  be  found  by  subtracting  the  (easterly) 
hour  angle  from  the  star's  right  ascension  or  adding  them 
as  above  and  subtracting  24  hours.  Reference  to  the  Time 
Diagram,  Fig.  6,  will  make  these  points  clear  also. 

It  is  customary  to  add  up  the  familiar  logs  of  time 
sight — sec.  lat.,  cosec.  p.  d.,  cos  |  sum,  sin,  remainder — 
divide  by  2  and  seek  the  H.  A.  (hour  angle)  in  the  A.M. 
or  P.M.  column  of  Table  44,  Bowditch,  using  the  log  as 
a  sin;  but  a  more  expeditious  way  is  to  use  the  sum  of  the 
logs  as  the  log  haversine  in  Table  45  and  pick  out  the  hour 
angle  directly, 

It  is  a  common  practice  aboard  ship  to  report  the  lati- 
tude and  longitude  to  the  master  at  noon.  In  order  to 
avoid  the  error  in  the  longitude  carried  forward  from  the 
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morning  sight,  due  to  an  erroneous  latitude,  the  so-called 
longitude  factor  is  applied.  This  correction  is  obtained  by 
entering  Table  47  Bowditch  with  the  body's  true  bearing 
and  latitude  as  arguments.  The  quantity  selected  is  the 
error  in  longitude  due  to  an  error  of  one  minute  in  latitude 
used  in  the  time  sight.  The  number  of  minutes  of  this 
error  is  found  by  taking  the  difference  between  the  latitude 
by  the  meridian  altitude  observation  and  that  by  dead 
reckoning  carried  forward  to  noon.  The  longitude  factor 
is  multiplied  by  number  of  minutes  in  latitude  error  and 
the  correction  is  at  hand. 

It  is  a  bit  puzzling  to  see  which  way  the  correction  is 
applied,  but  the  following  rule  is  a  good  guide:  (See  also 
Johnson  Method.) 

If  the  error  in  latitude  is  of  the  same  name  as  the  first 
letter  of  the  bearing,  the  change  in  longitude  is  contrary 
in  name  to  that  of  the  second  letter  and  vice  versa. 


CHAPTER  DC 
Stunner  Lines  and  New  Navigation 

EVERY  mariner  who  has  reached  a  position  in  the  pro- 
fession where  he  is  intrusted  with  the  responsibilities  of 
navigating  a  vessel  is  under  obligation  to  the  late  Capt. 
Thomas  H.  Sumner,  of  Boston.  This  shipmaster  discovered 
and  developed  the  principle  of  the  so-called  Sumner  or 
Position  Lines,  a  principle  which  has  proved  of  inestimable 
value  and  which,  with  its  subsequent  improvements,  has 
well-nigh  revolutionized  the  methods  of  navigation. 

The  discovery  was  purely  accidental  and  for  that 
reason  is  interesting.  Here,  in  Capt.  Sumner's  own  words, 
is  how  it  occurred:  "  Having  sailed  from  Charleston,  S.  C., 
25th  November,  1837,  bound  for  Greenock,  a  series  of 
heavy  gales  from  the  westward  promised  a  quick  passage. 
After  passing  the  Azores,  the  wind  prevailed  from  the 
southward,  with  thick  weather,  after  passing  longitude 
21°  W.,  no  observation  was  had  until  near  the  land,  but 
soundings  were  had  not  far,  as  was  supposed,  from  the  edge 
of  the  bank.  The  weather  was  now  more  boisterous,  and 
very  thick,  and  the  wind  still  southerly. 

"Arriving  about  midnight,  lyth  December,  within  40' 
by  dead  reckoning,  of  Tuskar  light,  the  wind  hauled  S.E. 
(true),  making  the  Irish  coast  a  lee  shore.  The  ship  was 
then  kept  dose  to  the  wind  and  several  tacks  made  to 
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preserve  her  position  as  nearly  as  possible  until  daylight, 
when,  nothing  being  in  sight,  she  was  kept  on  E.N.E.  under 
short  sail,  with  heavy  gales.  At  about  10  A.M.  an  altitude 
of  the  sun  was  observed,  and  chronometer  time  noted; 
but  having  run  so  far  without  any  observation,  it  was  evi- 
dent that  the  latitude  by  dead  reckoning  was  liable  to 
error  and  could  not  be  entirely  relied  upon. 

"  However,  the  longitude  by  chronometer  was  deter- 
mined, using  the  uncertain  D.  R.  latitude,  and  the  ship's 
position  fixed  in  accordance.  A  second  latitude  was  then 
assumed  10'  to  the  north  of  the  last  and  working  with  this 
latitude  a  second  position  of  the  ship  was  obtained  and 
again  a  third  position  by  means  of  a  third  latitude  still  10' 
further  north. 

"  On  picking  off  these  three  positions  on  the  chart  it 
was  discovered  that  the  three  points  were  all  disposed  in 
a  straight  line  lying  E.N.E.  and  W.S.W.,  and  that  when 
this  line  was  produced  on  the  first-named  direction  it  also 
passed  through  the  Smalls  Light.  The  conclusion  arrived 
at  was  that  the  observed  altitude  must  have  happened  at 
all  three  points,  at  the  Smalls  Light,  and  at  the  ship  at  the 
same  instant  of  time.  The  deduction  followed  that,  though 
the  absolute  position  of  the  ship  was  doubtful,  yet  the  true 
bearing  of  the  Smalls  Light  was  certain,  provided  the  chro- 
nometer was  correct.  The  ship  was  therefore  kept  on  her 
course,  E.N.E.  and  in  less  than  an  hour  the  Smalls  Light 
was  made  bearing  E.  by  N.  ^N.  and  dose  aboard.  The 
latitude  by  D.  R.  turned  out  to  be  8'  in  error.'* 

If  the  captain  had  worked  more  time  sights  using  dif- 
ferent latitudes,  he  would  have  added  new  positions  on  the 
line  to  which  he  refers,  each  placed  upon  it  according  to  the 
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* 
latitude  used.    Had  he  cared  to  pursue  his  experiments 

farther,  and  used  latitudes  very  wide  of  his  dead  reckoning 
position,  he  would  have  discovered  that  the  resulting  posi- 
tions instead  of  lying  in  a  straight  line,  were  in  a  curve 
and  an  arc  of  a  circle. 

The  principle  involved  is  very  crudely  illustrated  in 
the  following  experiment:  Let  the  reader  consider  himself 
aboard  ship  lying  at  anchor — say  a  full-rigged  ship,  so  as  to 
insure  a  foremast  of  good  height.  Lower  the  dinghy  and 
take  along  a  sextant. 

We  start  with  a  series  of  measurements  to  determine 
the  angle,  as  read  from  the  sextant  in  the  dinghy,  between 
the  truck  and  the  waterline  about  the  vessel.  As  a 
result  of  these  measurements,  we  discover  that  this 
angle  becomes  smaller  as  the  distance  from  the  vessel 
increases. 

Carrying  our  tests  farther,  suppose  when  the  sextant 
shows  the  altitude  of  the  fore  truck  above  the  waterline 
to  be  70°,  that  the  distance  to  the  vessel  be  determined. 
With  this  distance  as  a  radius  and  the  foremast  as  the 
center,  we  row  in  a  circle  around  the  vessel,  the  sextant  will 
continue  to  read  70°  all  around  the  circle. 

It  is  thus  demonstrated  that  a  circle  surrounds  that 
foremast  upon  which  the  altitude  of  its  truck  is  every- 
where 70° — a  circle  of  equal  altitudes. 

Not  being  quite  sure  of  this  interesting  fact,  perhaps, 
another  angle  is  selected  by  moving  a  little  farther  from  the 
ship.  The  sextant  shows  the  fore  truck  to  have  an  altitude 
of  50°;  the  distance  to  the  vessel  is  established,  whereupon 
the  dinghy  is  rowed  around  the  vessel  with  this  distance  as 
a  radius.  Again  the  sextant  reveals  no  change  from  50° 
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and  it  is  clearly  shown  that  we  have  moved  about  on  a 
circle  of  50°  elevation  of  the  truck. 

We  can  continue  experimenting  in  this  way  until  the 
distance  from  the  ship  becomes  so  great  that  some  physical 
condition  prevents  our  reading  the  angle  of  the  truck's 
altitude. 

These  investigations  show  that  there  is  a  system  of  con- 
centric circles  of  equal  altitude  about  every  elevated  object 
like  the  little  undulations  we  have  seen  so  many  times 
produced  by  the  splash  of  a  stone  thrown  into  a  pool. 

These  circles  of  equal  altitudes  surround  not  only  ele- 
vated terrestrial  objects  but  also  celestial  bodies,  as  will 
now  be  shown.  As  the  sun  is  the  most  convenient  body  for 
this  illustration,  let  us  substitute  it  for  the  fore  truck  of  the 
foregoing  experiments,  while  for  the  waterline  of  the  vessel 
we  will  use  the  point  on  the  earth  touched  by  a  plumb- 
bob  suspended  from  the  center  of  the  sun. 

This  point  will  fall  on  the  equator  on  the  2ist  of  March 
or  thereabouts,  as  the  sun  coming  up  from  his  southern 
declination  crosses  the  equator  into  north  declination  at 
this  time.  The  instant  of  the  transit  is  the  vernal  equinox. 
Now  this  point  will  be  found  an  excellent  one  from  which 
to  study  this  problem,  but,  as  this  takes  some  time  and  the 
sun  is  ever  on  the  move,  we  will  imagine  ourselves  endowed 
with  the  power  of  Joshua  to  command  the  sun  and  moon, 
which  will  enable  us  to  study  this  phenomenon  while  free 
from  the  restlessness  of  the  Universe. 

First  of  all,  it  must  be  understood  that  the  sun  shines 
on  one  hemisphere  of  the  earth  at  all  times;  it  matters  not 
how  the  earth  is  tipped  in  relation  to  him,  one  half  of  the 
world  is  always  enjoying  sunshine.  The  center  of  the 
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lighted  area  is  the  spot  directly  beneath  the  sun  where  the 
plumb-bob  touches  and  about  this  point  lies  the  system 
of  concentric  circles  of  equal  altitudes  of  the  sun. 

Under  the  conditions  shown  above,  the  sun  is  in  the 
zenith  of  the  terrestrial  vernal  equinox,  shining  on  the  earth 
for  a  distance  of  90°  in  every  direction;  but  its  altitude 
diminishes  in  direct  proportion  with  the  distance  of  the 
observer  from  the  point  of  the  equinox.  On  the  great 
circle  everywhere  90°  from  the  equinox  the  sun  is  in  the 
horizon  with  an  altitude  of  o°  (provided  we  disregard  dip 
and  refraction).  Suppose  the  members  of  some  intrepid 
expedition  have  reached  the  northern  or  southern  pole; 
they  would,  at  the  time  being  considered,  see  the  sun  in  the 
horizon  and  in  the  direction  of  the  meridian  passing  through 
the  vernal  equinox. 

Eastward  along  the  equator  90°  of  longitude  from  the 
vernal  equinox,  the  inhabitants  are  just  resting  from  the 
toils  of  the  day,  for  with  them  the  sun  is  setting  in  their 
western  horizon,  while  away  to  the  westward  90°  the  people 
are  showing  signs  of  activity,  for  it  is  just  sun-up  in  their 
eastern  horizon. 

So  all  around  the  world  just  90°  from  this  selected  posi- 
tion and  at  this  appointed  time  is  a  circle  of  equal  alti- 
tudes, namely  o°,  for  is  not  the  sun  seen  in  the  horizon  at 
all  points  on  this  circle? 

The  altitude  of  the  sun  is  90°  at  the  point  of  observation 
and  o°  on  its  outer  circle  of  altitude;  these  are  the  two 
extremes  and  between  them  lies  an  infinite  number  of  con- 
centric circles  of  equal  altitude  for  navigators  to  utilize. 
The  zenith  distance,  derived  by  subtracting  the  altitude 
from  90°,  indicates  the  distance  of  each  circle  from  the 
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center  or  sun's  position.  Thus  if  an  observation  was  taken 
by  some  bewildered  mariner  in  which  the  altitude  was  found 
to  be  80°,  the  corresponding  zenith  distance  of  10°  multi- 
plied by  60  would  indicate  that  the  altitude  was  taken  600 
miles  from  the  sun's  position,  or  to  put  it  in  another  way, 
the  circle  of  equal  altitudes  upon  which  the  observer  was 
located  in  this  case  had  a  radius  of  600  miles. 

What  is  true  of  the  sun  on  the  equator  regarding  the 
principle  of  the  circles  of  equal  altitudes  holds  good  through- 
out its  range  of  declination,  the  whole  system  moving  north 
and  south  with  the  continuous  change  of  declination  and 
from  east  to  west  with  its  apparent  diurnal  motion. 

In  the  quoted  article,  Capt.  Sumner  shows  a  method 
by  which  the  position  of  a  vessel  may  be  established  on 
some  particular  circle  of  equal  altitude;  it  matters  not 
where  the  observed  body  happens  to  be  at  the  time,  for 
with  the  Nautical  Almanac  and  chronometer  it  can  be 
located  should  we  care  to  know.  The  navigator,  however, 
cares  to  deal  ordinarily  only  with  a  very  small  arc  of  the 
circle  embraced  within  his  immediate  whereabouts.  Should 
he  be  somewhat  uncertain  of  these  he  would  simply  require 
the  use  of  a  longer  line  to  extend  beyond  the  limits  of  his 
possible  position. 

Except  when  in  a  latitude  that  differs  but  little  from 
the  declination  of  the  observed  body,  the  circle  of  equal 
altitude  will  be  sufficiently  large  to  allow  the  mariner  to 
represent  its  arc  in  his  vicinity  by  a  straight  line.  Thus 
the  lines  of  position  used  to  plot  a  vessel's  position  on  the 
the  chart  are  in  reality  chords  or  tangents  of  the  circle  of 
equal  altitude.  In  geometry  it  will  be  remembered  that  we 
used  to  study  about  circumscribed  and  inscribed  polygons 
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and  here  we  have  a  practical  application  of  their  use.  If 
we  consider  the  line  of  position  to  be  a  tangent,  it  is  one 
side  of  a  great  polygon  with  a  vast  number  of  sides  circum- 
scribed about  the  circle  of  equal  altitude;,  and  if  we  con- 
sider it  to  be  a  chord,  it  is  likewise  a  side  of  a  great  polygon 
inscribed  within  the  circle  of  equal  altitude.  It  matters  not, 
however,  if  the  line  or  curve  of  position  is  considered  a 
straight  line,  except  in  the  ill-chosen  condition  of  the  body 
near  the  zenith  when  the  radius  of  the  circle  will  be  pro- 
portionately small.  If  exactly  in  the  zenith  there  will  be 
no  circle  of  equal  altitude  at  all  and  the  sextant  will  measure 
an  altitude  of  90°.  It  is  comparatively  rare,  however,  that 
such  a  condition  will  embarrass  the  use  of  this  method. 

Another  point  to  be  remembered  in  connection  with  the 
inscribed  and  circumscribed  polygon  propositions  and  one 
which  has  a  practical  application  in  the  use  of  position  lines, 
is  that  the  tangent  or  chord  of  a  circle  is  at  right  angles  to 
the  radius  passing  through  the  point  of  tangency  or  center  of 
the  chord.  It  follows  that  the  sub-celestial  or  terrestrial 
position  of  the  observed  body,  being  at  the  center  of  the 
circle,  is  always  at  right  angles  to  a  line  of  position. 

This  important  fact  gives  the  navigator  an  opportunity 
to  check  his  compass  error  each  time  he  establishes  a  posi- 
tion line,  by  comparing  a  compass  bearing  of  the  body  taken 
simultaneously  with  the  measurement  of  the  altitude,  with 
the  true  bearing. 

To  establish  a  position  line  as  Capt.  Sumner  did  and  as 
it  was  done  for  years  afterwards,  by  assuming  two  latitudes 
usually  10'  each  side  of  the  dead  reckoning  latitude,  and 
drawing  the  line  through  the  two  resulting  longitudes,  is 
known  as  the  chord  method.  The  two  longitudes  being 
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positions  on  the  circle  a  line  drawn  between  them  is  a  chord 
of  the  circle. 

The  work  of  computing  a  time  sight  is  more  or  less 
laborious  to  everyone  and  with  some  seafarers  forms  their 
most  arduous  mental  exercise.  At  any  rate  no  one  wants 
to  work  any  more  than  is  necessary  to  insure  accurate 
results.  So  when  establishing  a  position  line  it  will  often 
be  found  convenient  to  use  the  short  cut  known  as  the 
tangent  method. 

With  the  latitude  by  account  work  the  observed  altitude 
as  in  the  ordinary  tune  sight,  instead  of  assuming  two 
latitudes.  Seek  the  true  azimuth  hi  the  tables  or  on 
diagram,  using  the  latitude  and  declination  employed  in 
the  time  sight  and  the  local  apparent  time  gained  from  it, 
as  the  arguments.  The  true  azimuth,  it  will  be  remembered, 
always  bears  at  right  angles  to  the  position  line.  Hence 
if  the  azimuth  is  laid  down  through  the  position  furnished 
by  the  time  sight,  the  position  line  may  also  be  readily 
plotted  at  right  angles  to  the  line  of  azimuth  at  the  time 
sight  position. 

The  navigator  now-a-days  is  expected  to  think  in  posi- 
tion lines  when  he  is  clear  of  the  land,  as  a  pilot  thinks  in 
shore  bearings  and  marks.  That  is,  he  must  see  these 
imaginary  lines  of  the  different  visible  bodies,  and  keep 
track  of  their  availibility  for  his  particular  use.  It  is 
easy  to  get  into  the  habit  of  this,  for  they  are  simply 
astronomical  bearings  instead  of  bearings  on  distant  ter- 
restrial objects,  with  the  distinction  that  the  celestial 
bearing  allows  of  a  90°  correction  to  produce  a  position 
line. 

The  morning  sun  on  the  prime  vertical  with  a  sufficient 
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altitude  to  avoid  any  dangerous  refraction,  will  produce  a 
north  and  south  line  of  position.  During  the  forenoon  as 
the  sun  passes  toward  the  meridian,  the  northern  end  of  the 
position  line  will  move  in  direct  proportion  with  the  body's 
change  in  azimuth  to  the  eastward  and  the  southern  end 
to  the  westward,  until  at  noon  with  the  sun  on  the  meridian 
we  have  an  east  and  west  position  line. 

It  will  be  seen  that  at  one  moment  of  the  day  it  is 
a  very  easy  matter  to  establish  a  line  of  position;  the  mere 
working  of  a  meridian  altitude  does  this.  This  simple  ex- 
pedient of  finding  a  position  line  was  utilized  a  great  deal 
as  a  means  of  making  a  landfall  in  the  days  before  chro- 
nometers were  perfected.  In  those  good  old  days,  before 
the  clipper  ship  era,  time  was  not  held  at  such  a  premium 
as  in  the  present  hustling  period,  and  a  few  days  more  or 
less  at  sea  mattered  but  little.  The  shrewd  shipmasters 
then  would  keep  well  offshore  until  in  the  latitude  of  Boston 
or  the  Virginia  capes,  as  the  case  might  be,  when  they  would 
haul  due  west  and  let  her  go,  making,  no  doubt,  first  rate 
landfalls,  if  the  old  pig  yoke  was  in  good  working  order. 

The  value  of  a  position  line  was  demonstrated  to  the 
writer  some  years  ago  when  bound  in  from  the  eastward  and 
running  into  a  heavy  and  very  extensive  fog  bank  some- 
where southeastward  of  Halifax.  During  a  break  in  the 
prevailing  conditions  the  navigator  succeeded  in  securing 
an  ex-meridian  sight  and  fortunately  got  a  fairly  good 
idea  of  the  latitude.  The  vessel  was  under  sail  and 
making  but  slow  progress,  and  as  a  result  of  the  pro- 
tracted period  of  overcast  sky  the  longitude  became  con- 
siderably a  matter  of  guess  work.  The  vessel,  however, 
was  kept  on  a  west  course  with  a  careful  allowance  made 
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for  the  set.  "  Sir  William  Thompson  "  was  kept  going  at 
regular  intervals  and  it  was  surprising  to  see  the  sound- 
ings check  up  with  the  chart  as  the  vessel  approached, 
crossed,  and  left  astern  the  Roseway  Bank,  southward  of 
Cape  Sable.  One  felt  as  sure  of  the  position  as  did  the 
old  Nantucket  sailor  in  crossing  "  Marm  Hackett's  garden." 

In  cases  where  the  soundings  do  not  check  so  precisely 
as  in  this  instance,  it  will  sometimes  be  found  a  great  help 
to  lay  off  to  scale  the  depths  obtained  on  the  edge  of  a 
piece  of  draftman's  transparent  linen.  Place  it  on  the  chart 
in  the  line  of  the  course,  and,  should  the  soundings  fail  to 
agree,  move  the  scale  forward  and  back  or  to  either  side, 
always  preserving  the  direction  of  the  course,  until  a  posi- 
tion is  found  where  the  soundings  on  the  scale  agree  with 
the  depths  given  by  the  chart. 

Progress  has  been  made  in  the  science  of  navigation  as 
in  all  other  sciences,  and  the  modern  shipmaster  is  not 
obliged  to  hold  aloof  from  Nantucket  Shoals  and  Georges 
Bank  under  ordinary  conditions  as  our  ancestors  were  com- 
pelled to  do,  for  with  a  correct  chronometer  and  a  knowl- 
edge of  the  position  line  such  outlying  dangers  have  been 
robbed  of  many  of  their  anxiety-producing  elements. 
Before  showing  the  method  of  working  around  such  places 
another  point  of  value  of  the  position  line  is  called  to  the 
reader's  attention. 

A  line  of  position  extended  until  it  reaches  the  land  or 
some  danger  will  indicate  to  the  mariner  the  bearing  of  that 
particular  point  of  the  coast  or  danger.  If  it  so  happens 
that  this  point  is  not  the  place  of  destination,  the  navigator, 
not  being  able  to  lay  a  course  direct  for  his  objective  port 
through  inability  to  determine  the  vessel's  distance  offshore, 
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overcomes  the  difficulty  by  sailing  a  sufficient  distance  at 
right  angles,  then  hauling  on  to  a  new  position  line  parallel 
to  the  original  one.  This  is  similar  to  what  our  ancestors 
did  in  the  simple  way  cited  above.  If  the  line  lies  in  the 
direction  of  an  off-lying  or  isolated  shoal  that  is  danger- 
ously near  the  course,  an  offset  like  that  shown  above  will 
allow  a  course  parallel  to  the  position  line  to  be  sailed 
in  safety.  Here  is  an  example  to  show  its  useful  applica- 
tion: 

A  steamer  sailing  from  St.  John,  N.  B.,  for  New  York 
proceeded  but  about  10  hours  on  her  voyage,  when  she 
ran  into  a  terrific  gale.  The  master  was  soon  forced  to 
heave  his  vessel  to  and  ride  it  out  as  best  he  could.  The 
driving  snow  and  mountainous  seas  occupied  the  attention 
of  the  officers  in  their  efforts  to  save  the  steamer  and  in 
this  way  the  dead  reckoning  position  became  a  matter  of 
mere  guesswork.  The  wind  after  some  20  hours  in  the 
northeast  quadrant  hauled  to  the  northward,  at  length 
blowing  out  in  the  northwest  with  clearing  weather. 

It  was  the  master's  intention  to  pass  through  the  South 
Channel,  between  Georges  Bank  and  Nan  tucket  Shoals,  but 
as  he  had  lost  his  reckoning  to  such  an  extent  he  hesitated 
about  laying  a  course  through  such  a  danger-strewn  locality. 

In  the  late  twilight  immediately  following  the  clearing 
sky,  the  master  succeeded  in  catching  the  altitude  of  a  star 
bearing  300°  and  established  a  line,  the  direction  of  which 
led  close  westward  of  Cultivator  Shoal  (a  6-foot  spot  on 
Georges  Bank).  So  to  be  on  the  side  of  prudence  and 
give  this  shoal  a  good  berth,  the  master  steamed  8  miles  at 
right  angles  to  this  position  line.  The  course  or  direction 
of  the  new  position  parallel  to  the  first  was  found  to  lead 
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directly  into  the  range  of  visibility  of  Nantucket  Lightship. 
So  the  master's  mind  was  put  at  rest  as  he  laid  his  course 
along  the  second  position  line,  knowing  he  would  at  length 
make  the  lightship. 

It  often  happens  that  a  distant  mountain  peak  is 
visible  and  the  sun  is  in  a  suitable  position  to  establish  a  set 
of  cross  bearings,  using  the  mountain  for  one  object  and 
the  sun  for  the  other.  Now  with  what  has  previously  been 
stated,  it  is  hardly  necessary  to  remind  the  reader  that 
a  "  line  of  position  "  obtained  from  observations  of  the  sun 
will  be  at  right  angles  to  the  sun's  true  bearing;  therefore, 
in  order  to  judge  whether  these  objects  are  properly  placed 
to  give  a  good  intersection,  due  consideration  must  be  given 
to  the  relative  bearings  of  the  objects.  It  is  evident  that 
the  sun  must  bear  by  compass  nearly  in  the  direction  of 
the  mountain  or  in  the  opposite  direction  to  have  the  posi- 
tion line  and  the  line  of  bearing  of  the  mountain  cut  at 
nearly  right  angles.  Of  course,  as  with  any  set  of  cross 
bearings  the  angle  of  intersection  may  still  be  effectual  if 
the  lines  cut  at  50°  to  60°,  but  the  nearer  a  go°cut  the  more 
accurate  the  resulting  position. 

A  position  line  is  liable  to  displacement  through  a 
variety  of  causes  among  which  is  an  inaccurate  altitude  and 
through  incorrect  Greenwich  mean  time.  In  the  former 
instance,  an  error  of  i'  will  displace  the  position  one  mile; 
if  the  altitude  is  i'  too  large,  the  correct  position  of  the 
line  will  be  i  mile  directly  away  from  the  bearing  of  the 
body  and  vice  versa.  The  effect  of  an  error  in  time  upon 
a  position  line  is  to  displace  it  bodily  eastward  or  westward 
the  amount  of  arc  corresponding  to  the  error  in  the  chro- 
nometer; the  direction  of  the  line  is,  however,  unaltered. 
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The  sun  carries  his  system  of  circles  of  equal  altitude  with 
him  from  east  to  west  as  he  travels  along  a  certain  parallel 
of  latitude  corresponding  to  his  declination  (neglecting  the 
the  slight  change  in  declination).  It  is  quite  evident  that 
any  arc  of  a  selected  circle,  will,  if  its  position  is  plotted 
on  a  small  scale  chart — say  every  20  minutes — be  found 
continuously  parallel  with  itself.  And  the  intervals  be- 
tween each  two  plotted  positions  of  the  arc  will  be  5°  (of 
arc)  the  corresponding  value  of  20  minutes.  Thus  the 
displacement  of  the  position  line  due  to  an  error  of  time  is 
explained.  If  the  time  was  slow,  the  line  was  too  far  to 
the  eastward,  if  fast,  it  was  too  far  to  the  westward. 

The  value  of  a  position  line  has  been  demonstrated,  yet 
with  all  it  does  not  positively  establish  the  position  of  a 
vessel.  The  mariner  in  locating  his  vessel  in  a  harbor  does 
not  usually  stop  after  he  has  taken  one  bearing,  but  pro- 
ceeds to  find  another  object  whose  bearing  will  make  a 
favorable  "  cut "  with  the  first,  and  thus  at  their  inter- 
section determines  his  position.  As  a  further  check 
against  possible  error  a  third  object  may  be  chosen  and, 
if  the  three  bearings  plot  without  forming  a  triangle  at 
their  intersection,  a  very  reliable  fix  will  be  obtained. 

What  applies  to  terrestrial  objects  thus  employed  may 
be  used  as  an  illustration  to  be  followed  in  taking  celestial 
bearings.  If  the  mariner  establishes  a  position  line  and 
knows  his  vessel  is  located  at  a  point  somewhere  along  it, 
let  him  look  about  for  another  body  so  placed  that  the 
position  line  derived  from  it  will  make  a  good  intersection 
with  the  first  line;  if  all  data  are  correct  this  point  will 
indicate  the  position  of  the  vessel. 

When  the  sun  is  used  this  is  seldom  possible  but  in  lieu 
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of  another  body  the  sun  can  again  be  employed  to  establish 
the  second  position  line  after  it  has  moved  sufficiently  in 
azimuth  to  make  a  good  cut.  The  thought  no  doubt 
immediately  arises  as  to  the  effect  of  the  vessel's  change 
in  position  during  the  interval.  This  is  easily  taken  care 
of  by  means  of  the  course  and  distance  run  during  the 
interval  between  the  sights. 

The  first  position  line  must  be  considered  carried  bodily 
by  the  vessel  without  change  of  bearing  from  its  first  posi- 
tion to  the  position  of  the  second  observation.  That  is, 
if  at  9  A.M.  a  position  line  was  established  bearing  in  a 
15° — 195°  direction,  and  the  vessel  then  steamed  and 
made  good  a  4o°-course  for  6  hours  and  10  knots  an  hour, 
when  another  position  line  was  established,  the  15° — 195° 
line  of  9  A.M.  would  be  moved  bodily  hi  a  40°  direction  60 
miles;  where  its  intersection  with  the  second  line  would 
indicate  the  position  of  the  vessel  at  3  P.M.  The  deter- 
mination of  position  at  sea  by  employing  two  position  lines 
of  a  body  with  the  run  between  sights  is  called  Simmer's 
double  altitude  problem. 

It  has  already  been  shown  that  one  body,  notably  the 
sun,  can  be  used  to  get  an  intersection  of  two  of  its  lines 
of  position  by  waiting  a  sufficient  time  between  observations 
for  the  body  to  change  its  bearing  at  least  30°,  the  nearer 
90°  the  better.  The  relationship  between  the  interval  of 
time  and  the  amount  of  change  of  bearing  varies  greatly, 
depending  upon  the  latitude  of  the  observer  and  declination 
of  the  body.  For  example,  let  us  consider  the  two  ex- 
treme cases:  Suppose  a  mariner  to  be  observing  the  sun 
on  the  equator  on  March  2ist,  he  will  note  practically 
no  change  in  azimuth  during  the  whole  forenoon.  Yet 
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another  mariner  in  the  Polar  sea,  whose  latitude  differs 
about  90°  from  that  of  the  former,  will  have  the  sun  en- 
circling his  horizon  making  the  whole  amount  of  the  sun's 
movement  a  corresponding  change  in  azimuth. 

Therefore  it  will  be  seen  that  with  a  low-riding  sun 
(or  other  body)  the  change  of  azimuth  is  greater  in  a  given 
time,  and  for  this  reason  the  position  lines  derived  from  the 
sun  are  more  advantageously  practiced  in  higher  latitudes, 
especially  in  winter.  This  is  a  point  of  great  value  in  view 
of  the  fact  that  the  sun's  diurnal  course  is  such  that  it  is 
never  on  the  prime  vertical  in  northern  latitudes  during 
the  winter  months,  making  longitudes  derived  from  chro- 
nometer sights  very  unreliable. 

But  to  go  back  to  the  mariner  on  the  equator  whose 
latitude  and  sun's  declination  so  nearly  agree.  He  is  in 
a  predicament  should  he  persist  in  the  plan  to  determine 
his  whereabouts  by  position  lines  of  the  sun.  In  such  an 
unusual  case,  it  would  be  well  to  resort  to  some  other  method 
or  wait  until  evening  and  determine  the  ship's  position  by 
establishing  the  position  line  of  some  star  or  stars.  It 
will  be  but  a  few  days  before  the  ship's  progress  will  cause 
the  sun  to  leave  his  right  course  across  the  sky  and  take 
the  hour  circles  at  an  angle.  Take  a  case  when  the  sun  at 
noon  has  a  zenith  distance  of  10°,  the  change  of  azimuth 
during  the  forenoon  is  still  small,  but  suppose  the  bearing 
was  noted  i  hour,  or  even  less,  before  noon  and  again  in 
similar  amount  after  noon,  a  change  will  be  found  of  per- 
haps 90°,  the  difference  of  moving  from  the  southeast 
quadrant  (if  declination  is  south  of  latitude)  to  the  south- 
west quadrant.  In  this  way,  a  remarkably  good  cut  may 
be  had  within  a  comparatively  short  tune. 
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The  foregoing  will  convince  the  reader  that  he  must  be 
governed  by  the  change  of  bearing  and  not  by  time  elapsed, 
hi  predicting  the  value  of  the  cut  of  his  position  lines. 

In  the  use  of  position  lines,  it  is  necessary  to  bear  in 
mind,  that,  when  the  body's  altitude  begins  to  approach 
the  zenith,  or,  what  is  the  same  thing,  when  the  ship 
is  getting  close  to  the  body's  sub-celestial  position,  the 
circle  is  getting  proportionately  smaller.  Under  such  con- 
ditions the  arcs  of  the  circle  of  equal  altitudes  can  no  longer 
be  shown  as  a  straight  line.  The  double  altitude  as  it  is 
ordinarily  practiced  is  here  impracticable.  And  even 
outside  this  impracticable  area,  discretion  must  be  shown. 
The  dead  reckoning  position  must  be  proportionately 
accurate,  and  the  assumed  latitudes  must  be  brought 
correspondingly  close  together,  in  order  to  have  a  shorter 
line  of  position,  because  the  curvature  of  the  circle  is  getting 
sharper  as  the  sub-celestial  point  is  approached.  To  put 
it  hi  another  way,  a  smaller  arc  must  be  used  in  order  to 
avoid  the  error  due  to  excessive  curvature. 

Very  good  results  can  be  obtained  by  noting  the  time 
of  observation  by  chronometer  (G.  M.  T.)  and  correcting 
it  for  equation  of  time  in  order  to  get  Greenwich  apparent 
time.  This,  if  converted  into  arc,  is  the  longitude  of  the 
sub-solar  position.  By  using  the  Greenwich  mean  time  to 
correct  the  declination  taken  from  the  Nautical  Almanac 
for  that  day,  the  latitude  of  the  sub-solar  position  may  be 
obtained.  Plot  this  position  on  the  chart  and  use  it  as 
the  center  of  a  circle;  then  with  the  zenith  distance  (90°- 
altitude)  as  a  radius,  draw  an  arc  in  the  probable  position 
of  the  vessel.  Somewhere  along  this  arc  is  the  ship's 
position.  The  bearing  of  the  sun  (rather  hard  to  get  so 


134  NAVIGATION 

nearly  overhead)  corrected  for  compass  error,  reversed, 
and  laid  off  from  the*  sub-solar  position  will  give  a  fair  idea 
of  the  position  of  the  vessel.  Now  by  waiting  a  sufficient 
time  for  the  sun  to  change  its  azimuth  enough  to  make  a 
good  cut  and  using  its  new  sub-solar  position  as  a  center 
with  the  zenith  distance  of  a  second  observation  as  a 
radius,  an  arc  may  be  drawn  which  will  intersect  the  first 
arc  at  the  position  of  the  vessel.  The  run  between  the 
sights  will,  of  course,  require  the  first  arc  to  be  carried 
forward  as  the  first  position  line  in  the  ordinary  double 
altitude  problem, 

SIMULTANEOUS  ALTITUDES 

We  have  now  come  to  the  consideration  of  what  is 
known  as  simultaneous  observations.  Here  we  do  away 
with  the  run  between  sights  and  take  observations  of  two 
or  more  bodies  at  the  same  time.  By  using  this  method 
the  chance  of  error  in  carrying  forward  the  first  position 
line  is  eliminated,  and  the  intersection  is  at  hand  without 
a  wait  which  at  best  is  tedious  and  under  certain  conditions 
might  even  become  hazardous. 

Simultaneous  observations  are  associated  mostly  with 
the  stars  and  planets,  for  in  the  twilight  or  dawn  or  when  a 
good  horizon  is  provided,  we  have  an  abundance  of  stellar 
objects  in  every  direction  to  use  as  best  serves  our  purposes. 

If  a  line  is  desired  to  determine  the  bearing  of  some  point 
on  the  coast,  a  star  can  be  sought  to  give  such  a  result. 
Or  if  a  mariner  is  a  little  anxious  as  to  the  longitude  of  his 
dead  reckoning  position,  he  can  choose  a  star  on  or  near  the 
prune  vertical  which  will  furnish  him  an  accurate  deter- 
mination of  longitude. 
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Not  only  can  we  easily  secure  a  good  cut  from  two 
bodies,  but  as  a  check  a  third  star  can  be  employed. 

In  the  matter  of  selecting  stars  to  observe,  Captain 
Lecky  says  in  his  Wrinkles  in  Practical  Navigation: 
"  Choose  any  star  or  planet.  .  .  .  Face  it  squarely,  and 
extending  the  right  or  left  arm  upwards  from  the  side, 
notice  if  it  points  to  any  other  known  star  of  the  first,  sec- 
ond, or  third  magnitude.  Such  a  star  will  bear  at  right 
angles  to  the  first  one,  and  be  in  the  best  possible  position 
for  pairing  with  it.  If  you  fail  to  find  a  star  or  planet  so 
situated,  take  the  next  best  one  you  can  get,  but  endeavor 
to  avoid  the  difference  in  the  bearings  being  less  than  60° 
or  more  than  120°." 

At  twilight  or  dawn  when  selecting  the  stars  for  estab- 
lishing lines  of  position,  it  is  well  to  be  guided  by  the  rule 
given  by  Capt.  W.  C.  P.  Muir,  U.  S.  N.,  in  his  highly  val- 
uable work  "  Navigation  and  Deviation  of  the  Compass." 
Assume  latitude  and  solve  longitude  when  the  azimuth  of  a 
body  is  greater  than  45°  and  less  than  135°;  otherwise, 
assume  longitude  and  solve  for  latitude. 

A  position  line  can  be  obtained  as  readily  from  an  obser- 
vation for  latitude  as  from  one  for  longitude.  When  a 
body  bears  a  little  closer  to  the  meridian  than  is  deemed 
prudent  for  a  good  result  in  longitude,  use  the  altitude  and 
time,  to  calculate  a  0'  0"  sight  or  if  nearer  the  south  point, 
an  ex-meridian.  The  true  bearing  or  azimuth  of  the  body 
is  obtained  from  the  azimuth  tables  using  the  arguments 
furnished  in  the  calculation  of  the  sight.  The  resulting 
latitude  is  a  position  on  a  line  at  right  angles  to  the  true 
bearing  of  the  body  and  the  position  line  is  obtained  sim- 
ilarly by  the  tangent  method  previously  described. 


136 


NAVIGATION 


It  is  sometimes  desirable  in  star  work  to  observe  three 
bodies  and  thus  procure  three  lines,  the  third  line  acting 
as  check  on  the  intersection  of  the  others  as  cross  bearings 
of  objects  on  the  shore.  An  intersection  of  three  position 
lines  has  a  tendency  to  impart  confidence  in  the  position 
obtained,  but  there  can  readily  be  a  combination  of  con- 
ditions as  a  result  of  which  these  lines,  though  of  apparent 
accuracy  would  prove  to  be  a  false  'comforter.  The 
equal  altitude  error  may  be  considered  responsible  for  a 
condition  of  this  kind,  and  will  be  found  very  difficult  to 
detect. 

The  following  is  a  quotation  from  the  Hydrographic 
Bulletin,  published  by  the  Hydrographic  Office,  U.  S. 
Navy,  showing  a  scheme  practiced  by  a  merchant  officer. 

Mr.  R.  G.  C.  Pedersen,  chief  officer  of  the  Danish 
steamer  "  C.  F.  Tietgen,"  gives  the  following  example  of 
determining  the  ship's  position  at  night  by  stellar  obser- 
vations: 

"  Between  2.24  A.M.  and  2.33  A.M.  on  July  22,  1911,  the 
following  altitudes  were  taken,  chronometer  error  being 
plus  nm.  i6s.  and  height  of  the  eye  48  feet: 


Chronometer  Time. 

Altitude. 

Star  or  Planet. 

Direction. 

h. 

|m. 

S. 

0                  / 

6 
6 
6 
6 
6 
6 

16 
18 

20 
22 
23 
25 

44 
14 
28 
24 
50 
30 

18 
4i 
45 

42 

23 
34 

26 

33 

18 

10 

9 
6 

Fomalhaut  
Altair  

.S.  by  W.  £  W. 
.    .  .          West 

Vega.  .  , 

West 

Polaris  

Capella  

East. 

Jupiter  

East. 
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The  above  observations  were  taken  over  a  very  dark  but 
clear  horizon,  and  were  taken  solely  for  the  purpose  of 
seeing  to  what  degree  of  accuracy  the  altitude  measure- 
ments could  be  depended  upon.  They  were  all  worked 
out  as  lines  of  position  and  plotted  on  the  chart.  Taking 
the  center  of  the  space  found  by  these  lines  of  position  as 
the  position  of  the  ship,  gave  latitude  41°  if  N.,  longitude 
59°  04'  W.  During  the  forenoon  and  at  noon  very  good 
observations  were  taken  and  the  ship's  position  determined, 
and  the  run  brought  back  from  this  position  to  the  above 
position  (or  time)  gave  latitude  41°  14'  N.,  longitude  59° 
04'  W.  I  have  for  a  number  of  years  tried  this  same 
manner  of  determining  the  ship's  position  at  night  by  stellar 
observations,  and  have  had  the  very  best  of  results.  I  do 
not  believe  in  one  or  two  single  observations  when  the 
horizon  is  dark,  but  in  taking  a  series  of  altitudes  in  different 
azimuths  and  working  them  as  lines  of  position.  The 
errors  in  the  altitudes  are  most  liable  to  be  the  same  way, 
and  if  an  altitude  is  much  wrong  it  will  show  on  the  plot- 
ting, and  it  can  be  eliminated.  If  the  center  of  such  a 
series  of  altitudes  is  taken  as  the  ship's  position  and  a  circle 
is  drawn  with  this  position  as  a  center  and  a  radius  of  5,  6, 
7  minutes,  or  whatever  the  amount  of  error  in  altitude  may 
be,  the  course  can  always  be  set  from  that  side  of  the  circle 
which  lies  nearest  to  the  place  for  which  the  ship  is 
bound  and  will  in  all  cases  bring  the  ship  nearer  to  this 
place  than  going  by  dead  reckoning,  and  will  always  be  a 
guide." 

In  the  selection  of  bodies  by  which  to  establish  position 
lines,  there  is  an  opportunity  for  the  display  of  considerable 
judgment.  The  exercise  of  care  and  thought  in  this  regard 
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is  rewarded  by  the  narrowing  of  the  limits  of  uncertainty  in 
the  vessel's  position. 

Picture  for  a  moment  the  whole  circumference  of  a  circle 
of  equal  altitude  plotted  on  a  small-scale  chart.  The  line 
of  the  circumference  will  be  seen  to  cut  the  parallels  and 
meridians  everywhere  at  different  angles.  At  two  points 
the  circumference  is  almost  parallel  with  the  meridians, 
and  again  at  two  other  points,  90°  from  the  former,  it  is  for 
a  short  distance  almost  parallel  with  the  parallels  of  lat- 
itude. 

It  will  be  noticed  that  where  the  arcs  of  the  circle  are 
nearly  parallel  with  the  parallels  of  latitude,  the  bearing  of 
the  body  employed  is  either  north  or  south.  It  is  obvious 
that  position  lines  established  under  these  conditions  will 
give  excellent  results  of  latitude  as  in  ordinary  practice 
the  nearer  the  body  is  to  the  meridian  the  more  accurate 
the  latitude  position.  A  large  discrepancy  in  the  longitude 
will  affect  the  resulting  latitude  but  a  small  amount. 
Likewise,  it  will  be  noted,  that  it  is  when  the  body  is 
bearing  on  the  prime  vertical,  east  or  west,  that  the  arc  of 
the  circle  is  parallel  with  the  meridian.  Here,  as  in  a 
time  sight  we  get  the  most  accurate  longitude  results 
from  a  position  line,  for  its  direction  is  north  and  south 
clearly  defining  the  amount  of  longitude.  The  latitude 
can  under  these  conditions  be  considerably  in  error  be- 
fore any  appreciable  displacement  will  be  noted  in  the 
longitude. 

Thus,  the  nearer  the  body  bears  to  the  meridian  the 
more  accurate  will  be  the  latitude;  and  the  nearer  to 
(East  or  West)  the  prune  vertical,  the  closer  the  longitude 
of  a  position  on  a  Sumner  Line. 
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In  every  observation  there  is  always  an  element  of 
uncertainty  attributable  to  a  variety  of  causes,  but  here  will 
be  shown  a  way  to  approximate  what  might  be  called  con- 
sistent errors,  which  can  include  unknown  errors  in  the 
sextant,  personal  errors  and  the  displacement  of  the  horizon 
due  to  uncertain  refraction.  These  are  assumed  to  be 
uniform  at  each  of  the  observations  taken  (though,  in  prac- 
tice, the  refraction  and  clearness  of  horizon  will  vary)  and 
have  the  combined  effect  of  carrying  the  position  line  nearer 
to,  or  farther  from,  the  body. 

The  navigator  now-a-days,  in  order  to  put  a  touch  of 
refinement  on  his  work,  desires  to  know  the  extent  of  this 
error  and  to  learn  under  what  conditions  it  becomes  ex- 
cessive and  where  it  is  at  a  minimum. 

To  determine  this  it  is  recommended  to  drew  parallel 
dotted  lines  on  each  side  of  the  position  lines,  at  a  distance 
equal  to  the  estimated  error.  In  some  good  work  it  might 
be  2'  and  in  more  careful  observations  perhaps  i'.  The 
parallelogram  formed  by  these  auxiliary  dotted  lines  should 
indicate  the  limits  within  which  is  the  probable  position  of 
the  vessel.  This  figure  will  change  in  shape  with  the  dif- 
ferent relative  bearings  of  the  objects  observed,  or,  in  other 
words,  with  the  change  in  the  angle  of  the  position  lines,  and 
will  indicate  the  most  favorable  conditions  under  which  to 
secure  desired  results. 

Should  a  body  be  observed  bearing  east  or  west  and 
another  on  the  meridian,  the  resulting  position  lines  would 
cross  at  right  angles — the  best  possible  condition  (see  Fig. 
13).  In  this  case  a  square  will  be  formed  by  the  auxiliary 
lines  with  a  minimum  of  error  and  both  the  latitude  and 
longitude  will  be  within  2  miles,  if  i'  auxiliary  lines  are 
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used.  A  right  angle  cut  does  not  necessarily  give  the  most 
accurate  idea  of  the  position.  Take,  for  example,  two 
stars  bearing,  one  southeast  and  the  other  southwest 


(see  Fig.  14);   the  position  lines  cut  at  an  angle  of  90°; 
yet  by  using  the  auxiliary  i'  lines  a  square  will  be  formed, 


through  which  the  meridian  and  the  parallel  pass  as  diag- 
onals. Thus  the  true  position  may  be  anywhere  along 
these  diagonals  for  a  distance  of  nearly  3  miles. 
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It  will  be  seen  by  considering  these  two  extreme  cases 
what  can  be  gained  in  accuracy  by  careful  selection  of 
stars;  the  nearer  the  prime  vertical  and  the  meridian  the 
better. 

With  two  stars  bearing  90°  apart,  there  is  a  uniformity 
in  the  accuracy  or  error  between  the  latitude  and  longitude 
regardless  of  their  bearing.  That  is,  if  the  limits  of  latitude 
are  2.2  miles  the  limit  of  error  of  longitude  is  likewise  2.2 
miles. 

With  an  angle  less  than  90°  (or  greater)  the  figure 
formed  by  the  auxiliary  lines  will  become  diamond-shaped, 


sharper  and  sharper  angled  in  proportion  to  the  angle  in 
the  bearing  of  the  bodies  (see  Fig.  15).  Thus  if  two  bodies 
are  observed  on  either  side  of  the  prime  vertical,  the 
resulting  diamond-shaped  figure  will  have  its  long  diam- 
eter in  line  with  the  meridian,  thereby  increasing  the 
range  of  probable  latitude,  and  correspondingly  decreas- 
ing the  range  of  error  in  longitude.  Such  an  observation 


142  NAVIGATION 

is  excellent    where  a    correct  longitude   is    particularly 
desired. 

Again,  suppose  two  stars,  having  a  small  angle  between 
their  bearings,  are  selected,  one  on  each  side  of  the  meridian, 
say  where  two  ex-meridians  or  two  #'  </>"  sights  are  taken, 
a  similar  diamond-shaped  figure  will  be  obtained,  but  the 
long  diameter  this  time  is  in  line  with  the  parallel  of  latitude. 
The  longitude  then  is  liable  to  a  large  range  of  error,  and 
the  latitude  to  a  correspondingly  small  one;  such  condi- 
tions are  desirable  when  a  correct  latitude  is  particularly 
desired. 

JOHNSON'S  METHOD 

It  is  not  always  found  convenient  to  plot  the  position 
lines  of  a  set  of  observations  on  a  chart;  perhaps  for  lack 
of  a  chart  of  proper  scale  or  possibly  for  want  of  the  chart 
itself.  Again  many  navigators  do  not  take  kindly  to  the 
graphic  method,  but  prefer  to  solve  their  latitudes  or  lon- 
gitudes by  computation.  In  any  event  Johnson's  Method 
comes  as  a  relief  to  such  persons,  saving  them  from  the 
arduous  duty  of  establishing  a  set  of  position  lines  by  the 
chord  method  of  assuming  two  latitudes  to  get  two  longi- 
tudes. 

Johnson's  Method  can  be  practiced  in  both  the  double 
altitude  problem  of  the  sun,  where  the  first  sight,  or  posi* 
tion  line,  is  brought  forward  to  the  second  sight  by  cor- 
recting it  for  the  intervening  run,  or  where  stars  are  used 
simultaneously. 

Chief  among  its  merits  is  the  saving  of  figures.  It  is 
only  necessary  to  compute  two  (instead  of  four)  chro- 
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nometer  sights  in  order  to  find  the  ship's  position,  thus 
obtaining  a  mathematically  accurate  result  by  a  short 
cut.  But  also  a  great  advantage  in  the  Johnson  Method 
is  that  the  resulting  longitude  is  obtained  by  calculation 
and  it  is  not  necessary  to  plot  the  lines  upon  the  chart  to 
secure  the  position. 

In  using  Johnson's  method  it  is  not  absolutely  necessary 
to  observe  two  stars  simultaneously  as  the  quick  work  of 
a  good  man  is  sufficiently  close  for  the  practical  purposes  of 
navigation. 

It  becomes  evident  to  anyone  reading  the  foregoing 
pages  that  every  ordinary  time  sight  places  the  vessel  on 
a  circle  of  equal  altitude,  the  longitude  resulting  from  the 
computation,  depending  on  the  latitude,  by  dead  reckon- 
ing, used.  Now  rather  than  work  two  sights  employing 
two  assumed  latitudes  on  either  side  of  the  supposed  posi- 
tion, make  the  calculation  only  once,  using  the  latitude 
by  account. 

Suppose  by  way  of  explanation  that  the  altitude  of  a 
star  bearing  S.  55°  E.  is  observed  simultaneously  with  that 
of  another  star  bearing  S.  25°  E.  The  longitudes  derived 
by  working  the  time  sight  of  each  should  be  identical, 
provided  the  altitudes  are  the  true  altitudes,  the  Green- 
wich time  is  without  error,  and  the  latitude  used  is  correct. 
A  combination  of  accuracy,  indeed,  and  one  not  likely  to 
be  experienced  often  in  actual  practice.  However,  a 
skillful  navigator  should  find  no  great  difficulty  these  days 
in  always  having  the  correct  Greenwich  time  at  hand. 
There  is  always,  of  course,  an  opportunity  for  the  display 
of  skill  in  measuring  altitudes,  refraction  particularly 
being  an  illusive  element  and  not  always  easy  to  detect. 
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But  if  care  has  been  taken  to  eliminate  the  errors  as  much 
as  possible  from  the  time  and  the  altitude,  it  is  safe  to 
consider  any  discrepancy  between  the  resulting  longitudes 
as  accountable  to  an  error  in  the  dead  reckoning  latitude. 

The  method  of  obtaining  the  ship's  position  from  the 
difference  in  the  longitudes,  derived  from  double  or  simul- 
taneous observations,  was  originated  by  A.  C.  Johnson, 
R.  N.,  and  its  many  advantages  have  for  years  made  it  the 
most  popular  form  among  progressive  shipmasters.  The 
working  of  this  problem  involves  the  application  of  a  cor- 
rection to  each  calculated  longitude  in  such  a  way  as  to 
bring  them  into  agreement.  The  tables  (Bowditch  Tables 
47  and  48)  furnish  this  correction,  which  is  known  as  the 
longitude  factor  and  is  symbolized  by  the  letter  F.  It 
constitutes  the  change  in  longitude  due  to  a  change  of  i' 
in  .latitude.  This  quantity  changes  directly  with  the 
change  of  azimuth  of  the  body;  for  example,  the  change 
in  longitude  is  nil  if  the  change  in  latitude  is  made 
on  a  due  north  or  south  line,  and  change  in  longitude 
increases  as  the  change  in  latitude  is  made  on  lines  bearing 
more  and  more  eastward  or  westward.  So  it  is  necessary 
in  order  to  obtain  these  corrections  to  have  the  true  azi- 
muths of  the  bodies  at  the  moment  of  observation  to 
use  as  an  argument  in  the  table  of  longitude  factors.  These 
are  readily  taken  from  the  Azimuth  Tables  or  diagram 
using  the  data  furnished  by  the  time  sight. 

The  two  longitudes  obtained  from  time  sights  in  which 
the  same  dead  reckoning  latitude  is  used,  lie  on  the  parallel 
of  this  latitude,  but  (unless  the  two  longitudes  happen  to  be 
coincident)  the  ship's  position  is  either  ncjrth  or  south  of 
this  parallel  according  to  the  error  existing  in  the  dead 
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reckoning  latitude.  If  the  observed  azimuth  of  the  body 
(or  bodies)  fall  within  the  same  quadrant  or  in  opposite 
quadrants,  the  correct  longitude  will  be  found  to  the 
eastward  or  the  westward  of  both  calculated  longitudes. 
This  is  clearly  shown  in  Fig.  16;  both  azimuths  are  between 
south  and  east.  If  the  observed  azimuth  of  the  body  (or 
bodies)  fall  in  adjacent  quadrants  say,  one  between  south 
and  east  and  the  other  between  south  and  west,  the  ship's 
position  will  be  found  between  the  two  calculated  or 


Ship's  Position  — 


FIG.  16. 

erroneous  longitudes.  The  position  of  this  true  longitude 
is  determined  by  means  of  the  before-mentioned  factors. 
The  factor  of  a  longitude  is  the  distance  of  the  true  longi- 
tude east  or  west  of  the  meridian  passing  through  the 
calculated  or  erroneous  longitude,  assuming  the  latitude 
to  be  in  error  i'.  The  moment  of  this  factor,  it  will  be 
seen,  depends  on  the  azimuth  of  the  body,  which  in  turn 
determines  the  direction  of  the  position  line. 

The  combination  of  the  two  factors,  by  adding  if  the 
bodies  are  in  the  same  or  opposite  quadrants  or  vice 
versa,  is  the  combined  error  in  difference  of  longitude 
due  to  i '  of  error  in  latitude.  It  now  becomes  a  matter 
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of  proportion  by  which  to  obtain  the  error  in  the  dead- 
reckoning  latitude.  As  the  combined  error  in  difference 
of  longitude  for  i'  of  latitude,  is  to  i'  of  latitude,  so  is  the 
difference  between  the  two  calculated  longitudes,  to  the 
error  in  latitude. 

The  longitude  factors  are  based  upon  an  error  of  i', 
so  if  the  error  is  more  than  i'  it  becomes  necessary  to 
multiply  the  factor  by  the  error  in  order  to  obtain  the 
correction  to  the  calculated  or  erroneous  longitude. 

^y&- Shifi  Position 


FIG.  17. 

An  altitude  may  be  taken  of  any  body  and  after  a 
suitable  change  in  bearing  has  taken  place  (not  less  than 
30°)  a  second  altitude  may  be  taken  and  the  first  longitude 
advanced  for  the  run  during  the  interval  to  the  parallel  of 
the  latitude  by  dead  reckoning  at  the  time  of  second  sight. 

In  the  usual  event  of  a  disagreement  in  the  calculated 
longitudes  the  rule  of  procedure  is  as  follows:  With  the 
body's  true  azimuth  at  each  observation,  the  difference 
between  the  longitudes  and  the  latitude  by  dead  reckoning, 
used  at  second  sight,  enter  Table  47,  Bowditch,  and  take 
out  the  corresponding  numbers.  If  the  azimuths  are  in 
adjacent  quadrants,  these  quantities  should  be  added,  but 
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if  in  the  same  or  opposite  quadrants,  they  must  be  sub- 
tracted. The  result  in  each  case  gives  the  combined 
error  in  difference  of  longitude  for  an  error  of  i'  in  lati- 
tude. 

It  is  now  only  necessary  to  divide  the  difference  between 
the  two  longitudes  by  this  combined  error  and  we  have 
the  error  between  the  correct  latitude  and  the  latitude  by 
dead  reckoning.  Now  multiply  the  error  in  latitude  by 
the  number  taken  from  Table  47  corresponding  to  the  first 
longitude,  to  obtain  the  correction  to  that  longitude,  and 
by  multiplying  the  same  error  in  latitude  by  the  number 
corresponding  to  the  second  longitude  we  have  the  correc- 
tion for  that  longitude.  The  application  of  these  correc- 
tions should  bring  the  two  calculated  longitudes  into 
agreement  at  the  position  of  the  true  longitude. 

Some  difficulty  may  be  experienced  in  learning  how  to 
apply  these  corrections  to  the  calculated  longitudes,  but  it 
is  always  easy  to  make  a  rough  diagram  if  at  all  in  doubt. 
A  horizontal  line  representing  the  parallel  of  latitude  by 
dead  reckoning  at  second  sight  may  be  drawn  with  the 
two  longitudes  plotted  upon  it;  establish  the  position 
lines  through  these  longitudes  by  drawing  them  at  right 
angles  to  the  sun's  (or  star's)  azimuth.  The  intersection 
of  the  two  position  lines  indicates  the  true  longitude  and  a 
glance  shows  how  to  apply  the  corrections  to  each  calcu- 
lated longitude  to  get  the  true.  In  Fig.  17  the  westerly 
longitude  requires  the  correction  to  be  applied  to  the 
east  and  the  easterly  longitude  correction  to  the  west  in 
order  to  arrive  at  the  true  longitude. 

Without  the  use  of  a  diagram  a  rule  easy  to  remember 
in  deciding  whether  to  apply  the  correction  in  longitude  to 
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the  eastward  or  westward  is  here  given:  If  the  error  in 
latitude  is  of  the  same  name  as  the  first  letter  of  the  bear- 
ing, the  change  in  longitude  is  contrary  in  name  to  that  of 
the  second  letter  and  vice  versa.  For  example  take  the 
case  just  cited. 

When  a  body's  azimuth  is  less  than  45°,  it  is  wiser,  and 
insures  more  accurate  results  to  work  by  New  Navigation, 
or,  if  sufficiently  close  to  the  meridian,  as  an  ex-meridian. 
In  the  case  of  the  latter  the  corrections  in  such  a  case  are 
taken  from  the  table  of  latitude  factors  (Bowditch,  Table 
48),  the  problem  being  the  same  in  principle  and  in  solution 
as  that  described  above.  Good  results  are  even  obtained 
by  using  two  ex-meridians,  one  on  each  side  of  the  meridian. 
The  corrections  in  the  latitude  may  be  applied  according 
to  the  following  rule,  if  it  is  preferred  to  the  rough  diagram 
method:  if  the  error  of  longitude  is  of  the  same  name  as 
the  second  letter  of  the  bearing,  the  change  in  latitude  is  of 
the  contrary  name  to  the  first  letter,  and  vice  versa. 

THE  NEW  NAVIGATION 

In  every  branch  of  science  and  industry  since  time  imme- 
morial a  continuous  process  of  simplification  and  increased 
accuracy  has  been  taking  place,  and  amid  this  general  evo- 
lution of  working  systems  the  science  of  navigation  will 
not  be  found  an  exception.  Even  now  there  is  a  tendency 
to  displace  the  time-honored  chronometer  sight,  together 
with  a  long  list  of  more  or  less  bewildering  ways  of  obtain- 
ing latitude  and  longitude. 

The  advance  method  is  popularly  known  as  the  New 
Navigation,  yet  its  principles  were  originally  brought  for- 
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ward  by  Marcq  St.  Hilaire,  a  French  admiral,  nearly 
40  years  ago.  It  is  not  a  new  method  of  finding  position, 
but  rather  an  improved  way  of  establishing  a  Sumner  line. 
Like  many  innovations  it  has  taken  all  these  years  for 
navigators  to  become  reconciled  to  the  change  and  break 
away  from  the  more  familiar  forms. 

In  order  to  facilitate  a  simple  explanation  of  New 
Navigation  it  will  be  brought  to  mind  that  every  heavenly 
body  has  a  corresponding  point  on  the  earth  directly  be- 
neath it,  which  bears  the  same  relation  in  latitude  and 
longitude  to  the  earth,  that  the  body  does  in  declination 
and  right  ascension  to  the  celestial  sphere.  To  an  observer 
at  such  a  sub-celestial  point  the  body  is  in  the  zenith  with 
an  altitude  of  90°;  and  about  him  lies  a  system  of  con- 
centric circles  of  equal  altitude,  which  extends  over  a  hemi- 
sphere of  the  earth  90°  in  every  direction  from  the  point 
of  origin.  This  point,  through  the  apparent  diurnal 
revolution  of  the  body,  carries  this  whole  system  of  circles 
around  the  earth  each  day  and  northward  and  south- 
ward with  the  body's  change  in  declination.  On  the 
outer  limit  of  this  system  of  circles,  the  altitude  of  the  body 
is  o°.  Thus  it  is  seen  that  the  altitude  of  the  body  decreases 
and  its  zenith  distance  (9o°-altitude)  correspondingly 
increases  in  direct  proportion  as  the  observer  departs 
from  the  sub-celestial  point,  and  vice  versa.  If,  for  in- 
stance, an  observer  is  100  miles  (nautical)  from  this  point, 
the  zenith  distance  is  100'  or  i°  40'  and  the  altitude  of 

the  body  is  88°  20';    at  2700  miles     .      =45°  of  zenith 

distance,  and  90° — 45°  of  altitude. 

A  feature  is  now  introduced  that  has  a  close  bearing  upon 
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the  principle  under  discussion,  to  serve  as  an  opening  view 
of  the  subject:  A  navigator  fortunate  enough  to  have  a 
body  reasonably  near  his  zenith,  say  5°,  has  at  hand  an 
extremely  simple  way  of  graphically  finding  his  ship's 
position.  This  situation  has  previously  been  described, 
but  is  repeated  to  make  clear  the  principle  of  New  Naviga- 
tion. The  sub-celestial  position  of  the  body  at  the  moment 
of  observation  is  readily  ascertained  by  noting  the  time  by 
chronometer  and  recourse  to  the  Nautical  Almanac  for  its 
declination.  With  the  point  thus  established  as  a  center, 
and  the  zenith  distance  derived  from  the  observed  altitude 
as  a  radius,  swing  a  circle  upon  the  chart.  The  ship's 
position  is  somewhere  on  the  circumference  of  this  circle  of 
equal  altitudes.  This  circle  is  now  carried  forward  the 
amount  and  direction  of  the  run  of  the  vessel  between  this 
observation  and  a  subsequent  one  similarly  taken.  During 
this  interval  the  bearing  of  the  body  should  have  changed 
sufficiently  to  make  a  good  intersection  of  the  circles. 
The  ship  being  on  both  circles  must  be  at  one  of  the  two 
intersections,  between  which  the  mariner  can  readily 
decide.  The  conditions  cited  are  comparatively  unusual 
but  show  the  practical  use  of  a  circle  of  equal  altitude  in 
its  simplest  form. 

The  zenith  distance  is  ordinarily  too  large  to  become  a 
radius  for  such  use  on  the  chart.  The  circles  of  equal  alti- 
tude are  in  practice  so  large  that  10  to  40  mile  arcs  in  the 
vicinity  of  the  vessel  are  treated  by  her  navigator  as  straight 
lines,  known  as  Sumner  or  position  lines.  These  lines  are, 
theoretically,  chords  or  tangents  according  to  the  method 
employed  in  establishing  the  line,  but  in  practice  the 
divergence  from  the  circle  is  negligible,  excepting  always 
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when  the  body  is  too  close  to  the  zenith.  The  establish- 
ment of  the  position  line  has  been  done  in  several  ways  for 
many  years  until  the  advent  of  this  new  and  more  expedi- 
tious method. 

The  altitude  of  a  body  at  any  selected  time  for  an  assumed 
position  can  be  readily  calculated.  If  this  altitude  does  not 
agree  (and  it  seldom  does)  with  the  altitude  measured  simul- 
taneously with  the  sextant,  corrected  for  the  usual  errors, 
the  assumed  position  is  not  coincident  with  the  actual  posi- 
tion of  the  vessel.  The  navigator  now  proceeds  to  lay 
off  from  the  assumed  position,  the  line  of  azimuth  of  the 
body  taken  from  the  azimuth  tables,  Weir's  Azimuth 
Diagram,  or  determined  by  observation.  On  this  line 
the  distance  between  the  observed  and  computed  altitude, 
expressed  in  minutes  of  arc,  is  measured,  towards  the  body 
if  the  observed  altitude  is  greater,  and  away  from  it  if 
less,  than  the  computed  altitude.  The  point  thus  indi- 
cated is  a  position  on  a  circle  of  equal  altitudes,  the  arc 
in  the  immediate  vicinity  of  the  computed  point  being, 
approximately,  the  position  line.  This  line  is  at  right 
angles  to  the  azimuth  for  the  reason  that  a  tangent  is  at 
right  angles  to  the  radius  of  a  circle  at  a  given  point. 

It  is  now  known  that  the  ship  is  somewhere  on  this 
line  of  position,  and  it  is  necessary  to  cut  it  with  another 
such  line  to  determine  definitely  her  position.  If  the  sun 
is  the  body  being  observed,  it  becomes  necessary,  in  order  to 
provide  a  good  angle  of  intersection,  to  wait  until  the 
azimuth  changes  at  least  30°,  when  'the  observation  is 
repeated,  a  second  line  established,  and  the  first  line  brought 
forward  in  exact  accordance  with  the  ship's  run.  The 
interval  required  naturally  depends  upon  the  latitude 


152  NAVIGATION 

of  the  ship  and  the  declination  of  the  sun.  The  inter- 
section of  the  lines  will  be  the  position  of  the  ship  at  the 
time  of  the  second  sight. 

The  use  of  stars  has  a  decided  advantage  in  that  there 
are  always  some  of  these  bodies  available  for  observation 
lying  in  various  azimuths;  it  is  practicable,  with  a  well- 
defined  horizon,  to  observe  simultaneously  two  or  more  of 
these  bodies  whose  bearings  show  that  they  would  produce 
desirable  position  lines.  From  the  resulting  intersections 
the  position  of  the  ship  is  secured.  This  obviates  waiting 
for  the  second  line,  a  feature  that  is  always  inconvenient 
and  sometimes,  perhaps,  dangerous. 

The  calculation  of  the  altitude  is  accomplished  by  the 
solution  of  the  spherical  triangle  in  which  we  have  given 
the  co-latitude  (90°  —  assumed  latitude),  the  polar  distance 
and  the  hour  angle  of  the  meridian  of  the  assumed  position. 
Thus  with  two  sides  and  the  included  angle,  the  third  side 
or  the  zenith  distance  (90°—  altitude)  is  easily  determined 
by  either  of  several  formulas. 

With  the  use  of  this  method  all  the  formulas  that 
formerly,  and  still,  often  puzzle  the  navigator  to  remember 
can  be  reduced  to  this  one  sight.  One  of  the  most  im- 
portant features  it  possesses  is  that  it  can  be  utilized 
regardless  of  the  altitude  of  the  body  (except  when  very 
high),  its  azimuth,  or  its  hour  angle,  all  of  which  are 
elements  that  have  to  be  used  under  certain  favorable 
circumstances  in  order  to  get  accurate  results  from  the 
older  forms.  The  navigator  is  now  given  a  greater  freedom 
in  choosing  bodies  to  observe  than  is  found  in  any  other 
method. 

The  mariner  to-day  has  been  almost  entirely  relieved 


SUMNER  LINES  163 

from  the  Jabor  of  computing  position  at  sea,  should  he 
care  to  avail  himself  of  a  set  of  altitude  tables,  several 
excellent  ones  have  made  their  appearance  on  the  market, 
among  them  Hydrographic  Office  Publication  No.  200. 
From  them  the  altitude  can  be  selected  corresponding  to 
the  conditions  of  any  particular  observation.  With  a  set 
of  these  tables  a  navigator  is  no  longer  required  to  be  a 
mathematician  or  to  remember  the  forms  of  a  half  dozen 
sights.  Thus  in  this  wonderful  age  the  mariner's  Utopian 
dream  of  obtaining  position  at  sea  by  inspection,  is,  in  a 
way,  realized. 

In  order  to  illustrate  the  practical  working  of  a  problem 
by  this  method,  the  following  example  is  taken  up  point 
by  point: 

Early  on  the  morning  of  May  21,  1899,  while  in  the 
assumed  position  of  latitude  55°  oo'  N.,  longitude  112°  08' 
E.  observed  the  true  altitude  of  the  star  Arcturus  to  be 
37°  *4'  5°">  bearing  west  of  the  meridian.  The  chro- 
nometer carrying  Greenwich  mean  time  read  20  d.  6  h. 
20  m.  03  s.  The  observer  desired  his  position. 

The  problem  by  the  St.  Hilaire  method  resolves  itself 
into  the  solution  of  the  spherical  triangle  shown  in  Fig.  19, 
where  two  sides  and  an  included  angle  are  given : 

Polar  distance  =  90°—  declination  (Nautical  Almanac). 

Co-latitude = 90°  —  latitude  (by  dead  reckoning). 

Hour  angle  of  star.    See  figure  and  solution  below. 

The  hour  angle  of  the  sun  is  more  readily  found  than 
that  of  a  star.  It  is  accomplished  by  applying  the  longi- 
tude (in  time)  of  the  assumed  position  to  the  Greenwich 
time  shown  by  the  chronometer  at  the  time  of  sight.  This 
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hour  angle  of  the  mean  sun  must  be  corrected  by  the 
equation  of  time  to  obtain  the  hour  angle  of  the  actual 
sun. 
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The  cosine-haversine  formula  serves  the  purposes  of  this 
problem  very  satisfactorily: 

Hav  z=hav  (L~ct)+  cos  L  cos  d  hav  h 
which  is  derived  from  the  well-known  expression: 
Cos  3  =  sin  L  sin  d-f  cos  L  cos  d  cos  h 

where  z  =  zenith  distance;   L  =  the  latitude;   and  /r  =  the 
hour  angle. 

SOLUTION 
Dec.  Arcturus  19°  42'  29". 


Lat.  55°  oo  N.    (Assumed).         G.  M.  T.        20  d. 
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17        4i 
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A  ship's  position  is  usually  obtained  by  plotting  the 
lines  of  azimuth  and  the  position  lines  much  in  the  manner 
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FIG.  20. 


shown  in  the  chartlet  The  azimuth  of  the  body  at  the 
moment  of  observation  is  readily  taken  by  inspection  from 
the  azimuth  tables  or  better  still  from  Weir's  Azimuth 
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Diagram,  both  published  by  the  U.  S.  Hydrographic 
Office. 

In  order  to  get  an  intersection  of  two  lines  of  position 
and  thereby  ascertain  the  latitude  and  longitude  at  once 
it  is  assumed  that  the  observer  took  an  observation  of 
another  star  bearing  S.  45°  E.,  simultaneously  with  Arc- 
turus. 

When  ordinary  A.M.  time  sights  are  taken  the  resulting 
longitude  establishes  a  north  and  south  Sumner  line  but 
the  latitude  is  by  D.  R.;  at  noon  the  latitude  by  meridian 
altitude  establishes  an  east  and  west  line  but  the  longitude 
is  by  D.  R.  So  it  is  with  a  Sumner  line  a  position  is 
established  upon  it  but  the  position  along  it  is  by  D.  R. 
The  latitude  and  longitude,  however,  can  be  obtained  by 
a  slight  calculation  without  drawing  the  lines  on  the  chart; 
that  is,  the  most  probable  position.  The  altitude  differ- 
ence having  been  determined  enter  Table  2,  Bowditch, 
using  the  azimuth,  or  its  reciprocal  as  the  case  may  be,  as 
the  course,  and  with  the  altitude  difference  as  the  distance, 
pick  out  the  difference  of  latitude  and  the  departure  and 
apply  them  to  the  dead  reckoning  latitude  and  longitude 
as  is  the  usual  practice.  The  result  is  the  most  probable 
position  (according  to  the  D.  R.)  on  the  Sumner  line. 


CHAPTER  X 
The  Moon 

THE  moon  is  the  most  interesting  of  the  heavenly 
bodies  not  only  from  a  romantic  viewpoint,  but  from  the 
astronomical  as  well.  Looking  at  the  practical  side,  it  is 
due  mostly  to  the  moon's  influence  of  attraction  on  the 
waters  of  the  earth  that  we  have  the  highly  important 
phenomena  of  the  tides.  The  moon  is  our  nearest  neighbor 
in  the  heavens;  in  fact,  she  is  a  satellite,  that  is,  revolves 
around  the  earth.  This  movement  is  from  west  to  east 
at  an  average  rate  of  51  minutes  each  day.  The  moon's 
orbit  is  elliptical  with  the  earth  lying  a  little  out  of  center, 
not  unlike  the  situation  of  the  sun  in  the  earth's  orbital 
ellipse  but  more  pronounced.  When  the  moon  is  at  the 
nearest  point  to  the  earth  she  is  said  to  be  at  "perigee"  and 
the  point  where  she  is  most  remote  is  called  the  "apogee." 

The  moon  is  a  non-luminous  body  and  gives  off  nothing 
but  reflected  sunlight.  The  lunar  hemisphere  facing  the 
sun  is  therefore  the  only  illuminated  portion  of  the  body, 
and  as  she  turns  on  her  axis  precisely  as  the  earth  does, 
the  same  side  is  always  towards  us.  The  astronomers  have 
seen  but  one  side  of  our  satellite.  This  solar  illumination 
accounts  for  the  various  interesting  phases  of  the  moon 
which  we  see  each  month.  When  this  body  in  her  monthly 
revolution  around  the  earth  passes  between  us  and  the 
sun,  the  illuminated  side  is  towards  the  sun  and  the  dark 
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side  towards  us.  We  see  no  moon  at  this  time  and  call 
it  New  Moon.  Two  weeks  later,  she  has  completed  one- 
half  of  her  revolution  and  is  now  on  the  other  side  of  the 
earth  and  we  are  between  the  moon  and  the  sun.  The 
illuminated  face  of  the  moon  is  now  directly  towards  us 
and  we  call  it  Full  Moon.  At  the  time  of  new  moon,  the 
eastward  movement  quickly  brings  her  out  of  range  with 
the  sun  and  in  a  couple  of  days  we  are  able  to  see  a  fine 
crescent  in  the  western  sky.  This  is  the  very  edge  of  the 
illuminated  face — we  can  see  around  the  corner  just  that 
much.  Day  after  day  the  moon's  lighted  surface  becomes 
larger  and  larger  until  in  about  a  week  she  is  near  our 
meridian  at  sunset  and  therefore  at,  roughly  (depending 
on  the  time  of  the  year),  90°  from  the  bearing  of  the  sun. 
The  moon  now  presents  to  us  a  face  one-half  dark  and  one- 
half  light.  This  is  called  the  quadrature.  This  term  also 
applies  to  the  similar  condition  occurring  a  week  after  full 
moon  when  she  is  again  bearing  at  right  angles  to  the  sun. 
These  occasions  are  also  called  the  first  and  last  quarter, 
respectively. 

The  movements  of  the  moon  are  very  rapid.  She 
makes  her  revolution  around  the  earth  in  27 J  days,  making 
a  change  in  right  ascension  of  360°  or  24  hours  in  this  inter- 
val, a  change  of  over  two  minutes  each  hour.  The  declina- 
tion passes  through  its  whole  cycle  of  change  from  north 
to  south  and  return  also  in  27^  days;  the  sun  requires  a 
year  to  pass  through  its  extremes  of  declination  and  return. 
The  change  of  the  moon's  declination  averages  about  9' 
per  hour.  These  facts  demand  careful  attention  when 
employing  the  moon  in  navigation. 

It  is  a  very  curious  and  happy  circumstance  that  in  the 
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higher  latitudes  when  the  short  days  of  the  winter  sun 
occur,  the  moon  at  full  rides  its  highest  declinations,  and 
consequently  gives  extra  long  nights  of  moonlight;  and 
that  in  the  summer,  when  the  sun  is  in  higher  declination 
and  the  days  are  long,  the  moon  at  full  is  in  low  declina- 
tion and  there  is  less  moonlight  when  it  is  least  needed. 
The  reason  of  these  conditions  is  that  the  full  moon  occurs 
when  on  the  opposite  side  of  the  earth  from  the  sun  and  at 
the  winter  solstice  when  the  earth's  north  pole  is  inclined 
away  from  the  sun  she  must  be  inclined  towards  the  moon 
passing  that  body  in  high  declination.  The  reverse 
conditions  exist  at  the  summer  solstice. 

Another  fortunate  provision  for  lovers  of  moon-light 
nights  is  the  fact  that  the  plane  of  the  moon's  orbit  is  not 
in  the  same  plane  as  that  of  the  earth's  orbit,  for  if  such 
were  the  case  each  time  the  three  bodies,  the  earth,  sun 
and  moon,  came  in  range  there  would  be  an  eclipse.  The 
new  moon  coming  in  between  the  earth  and  the  sun  would 
cause  an  eclipse  of  the  sun,  and  at  full  moon  when  the  earth 
is  between  the  sun  and  moon,  there  would  be  an  eclipse  of 
the  moon.  Therefore,  there  would  be  an  eclipse  twice  a 
month.  This  fortunately  is  avoided  by  the  angle  of  5° 
that  the  plane  of  the  moon's  orbit  takes  with  that  of  the 
earth.  As  a  result  they  only  come  in  exact  range  occa- 
sionally when  the  moon  at  new  and  full  happens  to  be  on  the 
ecliptic — the  earth's  orbit.  If,  to  repeat,  this  occurs  at 
Full  there  is  an  eclipse  of  the  moon,  if  it  occurs  at  New, 
there  is  an  eclipse  of  the  sun.  The  moon  moves  eastward 
through  the  heavens  on  her  monthly  course  of  revolution; 
it  then  becomes  apparent  that  she  must  return  to  the 
meridian  later  and  later  each  day  the  amount  of  "  retarda- 
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tion,"  as  it  is  called.  This  retardation  is  a  variable  quan- 
tity dependent  upon  the  moon's  irregular  change  in  right 
ascension.  It  is  caused  by  the  moon's  motion  in  her 
elliptical  orbit  and  at  the  inclination  which  her  orbit 
takes  with  the  celestial  equator.  These  causes  are  pre- 
cisely the  same  in  character  as  those  producing  the  equa- 
tion of  time  in  the  conditions  relative  to  the  sun  and  the 
earth's  orbit,  but  those  of  the  moon  are  much  greater. 
The  errors  causing  a  variation  in  the  right  ascension  of 
the  sun  requiring  a  year  where  the  similar  conditions  hi  the 
moon  are  brought  about  in  a  month,  which  accounts  for 
the  marked  changes  in  the  moon's  rate  of  eastward  motion. 
The  average  daily  retardation,  or  average  later  time  in  arriv- 
ing at  the  meridian,  is  very  close  to  51  minutes.  Yet  the 
extremes  of  retardation  range  from  38  to  66  minutes. 
The  average  of  51  minutes  daily  retardation  is  also  noticed 
in  the  later  rising  and  setting  of  the  moon.  The  extreme 
times  between  successive  risings  or  settings  during  the 
year,  while  they  average  51  minutes  like  the  crossing  of 
the  meridian,  they  do  not  maintain  the  same  extremes, 
changing  on  account  of  the  latitude  of  the  observer  as 
well  as  upon  her  own  motions.  At  41°  north  the  retarda- 
tion on  successive  risings  and  settings  ranges  between  23 
minutes  and  i  hour  and  1 7  minutes.  As  the  vessel  proceeds 
farther  north  the  range  is  greater  until  near  66°  north  when 
the  moon  is  in  her  average  greatest  declination  north  she 
does  not  set  at  all  becoming  circumpolar  for  a  certain  time 
each  month.  In  the  duration  of  a  month  the  moon 
changes  her  right  ascension  24  hours,  where  the  sun  takes 
a  year  to  accomplish  this  amount  as  it  (apparently  for 
navigational  purposes)  moves  eastward  around  the  earth. 
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This  shows  the  much  more  rapidly  increasing  change  in 
right  ascension  in  the  case  of  our  satellite.  Thus  again 
the  moon's  rapid  motions  are  accounted  for. 

The  moon's  orbit  around  the  earth  is  not  coincident — 
does  not  lie  in  the  same  plane  as  the  earth's  orbit  (the 
ecliptic)  but  takes  an  angle  of  about  5°  8'  with  it.  The 
point  of  intersection  between  the  moon's  orbit  and  the  eclip- 
tic are  called  nodes  (corresponding  with  the  equinoxes). 
The  point  crossed  by  the  moon  as  it  passes  from  southern 
to  the  northern  side  of  the  ecliptic  is  called  the  ascending 
and  the  other  the  descending  node.  The  moon's  axis  is 
very  slowly  describing  a  circle  in  the  heavens  similar  to 
that  of  the  earth;  and  in  consequence  the  nodes  are  slowly 
moving  westward  along  the  ecliptic  year  by  year.  Just  as 
is  the  equinox  by  the  movement  of  precession,  but  at  a 
much  greater  rate  (see  remarks  on  precession  elsewhere). 
The  moon's  axis  completes  its  revolution  in  about  19 
years,  while  the  earth  requires  26,000  years.  This  is  called 
the  lunar  cycle.  At  the  time  in  the  lunar  cycle  when  the 
ascending  node  of  the  moon's  orbit  is  in  range  with  the 
vernal  equinox  the  moon  has  her  greatest  range  of  declina- 
tion— about  57°  from  extreme  north  to  extreme  south. 
She  is  then  23°  north,  the  amount  that  the  ecliptic  is  from 
the  equator  and  5°  more,  the  amount  that  the  moon's 
orbit  is  above  the  ecliptic.  About  g|  years  later  when  the 
moon's  axis  has  listed  in  the  opposite  direction  and  the 
descending  node  coincides  with  the  vernal  equinox,  the 
moon's  maximum  declination  equals  23°  minus  5°  or  18° 
north  or  south,  a  range  of  only  about  26°. 

In  the  autumn,  there  occurs  an  interesting  phenomenon 
regarding  the  moon  called  the  Harvest  Moon.  This  is 
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the  time  of  unusually  fine  moonlight  nights  in  which  the 
moon  rises  for  three  or  four  evenings  at  about  the  same 
time  instead  of  the  usual  rapid  retardation.  The  time  the 
sun  or  moon  is  above  our  horizon  depends  upon  its  declina- 
tion and  our  latitude.  As  the  sun  moves  northward  in 
declination  from  March  to  June,  our  days  lengthen  by  the 
sun  rising  earlier  and  farther  in  the  northeast,  and  setting 
later  and  farther  to  the  northwest.  Similarly  the  moon 
in  September  is  moving  northward  in  declination  very 
rapidly  and  would  be  rising  earlier  each  evening  were  it 
not  for  its  own  eastward  movement  of  revolution  which 
causes  her  to  slip  eastward  an  average  of  51  minutes  daily 
and  causes  her  later  rising  at  night.  The  result  is  that 
these  two  influences  at  work  almost  counteract  each  other 
and  cause  the  moon  to  rise  at  about  the  same  time  for 
several  days  giving  us  three  or  four  glorious  moonlight 
nights  called  the  Harvest  Moon. 

It  will  be  seen  by  the  foregoing  that  great  care  must  be 
exercised  in  having  the  time  of  observation  accurately 
determined  owing  to  those  rapid  movements  of  the  moon. 
It  is  also  a  matter  of  great  difficulty  to  correct  the  observed 
altitude  of  this  body  on  account  of  numerous  errors  that 
become  considerable  in  amounts  due  to  her  proximity  to 
the  earth.  And  for  these  reasons  this  body  is  not  popular 
for  observations  with  the  general  run  of  navigators.  In 
the  case  of  the  semi-diameter,  considerable  error  is  appar- 
ent and  is  fully  described,  with  parallax,  which  is  excessive, 
under  "  Corrections  for  Observed  Altitudes." 


CHAPTER  XI 
Charts 

A  DIFFICULTY  was  encountered  when  the  early  cartog- 
raphers attempted  to  represent  the  earth's  spherical 
surface  on  a  flat  sheet.  It  can  not  be  done,  of  course, 
without  distortion  being  introduced  in  some  manner. 
There  are  various  methods  of  taking  care  of  this  error  and 
one  is  adopted  for  one  certain  purpose  while  another  scheme 
is  used  in  some  other  work.  These  methods  of  caring 
for  the  error  or  distortion  are  known  as  projections,  the 
principal  being  the  Mercator,  the  gnomonic  and  polyconic. 
The  Mercator  projection  is  almost  universally  used  for 
navigational  purposes;  the  gnomonic  projection  facilitates 
the  use  of  great  circle  sailing,  and  the  polyconic  is  used  for 
surveying  sheets. 

The  Mercator  chart  represents  the  earth  as  though  it 
were  a  cylinder  instead  of  a  sphere. 

If  we  take  the  skin  of  one-half  an  orange,  and  assume 
it  to  represent  the  northern  hemisphere  of  the  earth,  an 
attempt  to  forcibly  bring  it  flat  upon  a  table  will  result  in 
the  tearing  or  stretching  of  the  skin.  It  can,  however, 
be  brought  flat  to  the  table  in  a  regular  uniform  way  by 
cutting  it  in  a  saw  tooth  fashion  from  the  stem  (pole) 
to  the  edge  (equator),  as  shown  in  the  diagram. 

The  shaded  portions  represent  actual  earth's  surface 
and  the  blank  parts  show  the  error  introduced  by  using 
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this  method.  In  this  form  it  is  useless  as  a  chart,  so  the 
real  parts  are  stretched  or  extended  each  way  to  the  dotted 
lines  making  a  complete  chart.  It  is  now,  however,  with- 
out a  vestige  of  accuracy  in  representing  the  bodies  of  land 
and  water  as  they  really  exist.  The  result  would  be  that 
if  a  round  island  should  be  in  the  latitude  of  the  top  of  the 


Equa-Vor 
FIG.  22. 

chart  it  would  be  stretched  into  an  elongated  island  lying 
east  and  west  giving  a  very  erroneous  inaccurate  idea  of  it, 
as  shown  by  the  east  and  west  shading.  If,  however,  the 
island  had  been  on  the  equator  where  no  east  and  west 
stretching  would  have  occurred  the  island  would  appear 
in  its  natural  shape,  but  the  farther  north  or  south  it  lies 
just  in  proportion  to  the  latitude  will  it  be  stretched  in  an 
east  and  west  direction.  Such  a  condition  will  not  serve 
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the  purposes  of  navigation  and  it  becomes  necessary  to 
extend  the  degrees  of  latitude,  making  them  appear  longer 
and  longer  as  the  equator  is  departed  from.  This  stretches 
the  elongated  east  and  west  island  in  a  north  and  south 
direction  and  brings  it  back  approximately  to  its  actual 
shape  of  a  round  island.  If  there  was  a  round  island  in 
10°  N.  and  a  similar-sized  similar-shaped  island  in  50°  N. 
the  Mercator  chart  would  show  the  northern  one  to  be 
almost  twice  as  large  owing  to  this  artificial  distortion. 
But  its  relative  shape  would  remain  practically  correct. 
It  will  be  seen  that  the  latitude  scale  on  the  sides  of  the 
chart  carries  an  increasing  value  towards  the  north — on  a 
chart  where  a  degree  is  about  |"  long  at  the  equator  it 
would  be  about  J"  long  in  60°  N.  or  S. 

A  minute  of  latitude  is  equal  to  a  mile  on  this  scale,  but 
it  becomes  necessary  to  use  it  in  the  latitude  in  which  the 
measurement  is  taken.  If  a  course  runs  N.  60°  E.  from 
latitude  30°  N.  to  40°  N.  and  the  distance  is  desired,  take 
at  the  middle  latitude  at  the  side  of  the  chart  a  convenient 
multiple  of  distance,  say  30',  on  the  dividers  and  step  off  the 
distance.  Or  the  whole  course  can  be  taken  off  at  once  and 
with  the  points  of  the  dividers  at  equal  distances  north  and 
south  of  the  middle  latitude  read  off  the  number  of  min- 
utes of  latitude  lying  between  them. 

In  very  high  latitudes  the  Mercator  chart  is  not  reliable. 
The  distortion  becomes  excessive  and  bearings  taken  will 
not  plot  correctly. 

All  the  meridians  on  a  Mercator  chart  are  parallel  and 
cut  the  equator  at  right  angles.  They  all  lie  in  a  true 
north  and  south  direction.  The  parallels  of  latitude  all 
lie  east  and  west  and  are  parallel  to  each  other  and  at  right 
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angles  to  the  meridians.  The  degrees  of  longitude  on  the 
globe  grow  smaller  and  smaller  as  the  pole  is  approached 
due  to  the  actual  convergence  of  the  meridians,  but  as  all 
meridians  are  parallel  on  the  Mercator  chart  the  length  of  a 
degree  must  be  shown  the  same  length  at  the  top  as  well  as 
at  the  bottom  of  the  chart.  In  just  the  proportion  that  the 
degrees  of  longitude  have  been  lengthened  artificially  beyond 
their  true  length  must  the  degrees  of  latitude  be  lengthened 
in  each  latitude.  This  amount  is  shown  in  Table  3,  Bow- 
ditch,  reckoned  as  the  distance  in  miles  each  parallel 
is  from  the  equator  by  the  Mercator  projection.  Thus  in 
latitude  40°  N.  the  distance  is  2400'  or  miles,  the  table 
shows  that  in  the  construction  of  a  Mercator  chart  this 
parallel  should  be  increased  artificially  to  2607.6.  These 
are  called  the  meridional  parts. 

The  form  followed  in  computing  course  and  distances 
by  the  Mercator  principle 


is  not  an  easy  one  to  re- 
member, but  an  endeavor 
will  be  made  to  explain  it 
so  as  to  fix  the  reason  in 
the  mind. 

In  Mercator  Sailing  in 
computing  for  the  course 
we  use  that  trigonometrical 
function  which  makes  the 
tangent  of  an  angle  = 
opposite  side  ^  ^ 

adjacent  side 

case,  tan  Z  C^-^,  which 


Diff.  of  Long 


Dep 


FIG.  23. 
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continued    is   the    tangent    of    course    angle    (at    C)  = 

Diff.  of  Long.  .      ,,     f  „ 

=— — .  _,    . .. — °  _    ^    and  accounts  for  the  following 
Diff.  of  Meridional  Parts 

usual  procedure  in  practice: 

Difference  of  Long.       log 

Diff.  Meridional  parts  log 

Course  =  tan. . 


Remembering  the  subtraction  of  logs  is  equivalent  to  the 
division  of  numbers,  so  these  logs  are  always  subtracted  in 
the  arrangement  here  shown;  adding  10  to  the  coefficient 
of  log  of  Diff.  of  Long,  if  the  log  of  Difference  of  Meridional 
parts  is  larger. 

To  arrive  at  the  distance  the  triangle  CDE  is  employed, 

*e  secant= 


base  CD 

=CE  which  accounts  for  our  form: 

sec.  (Course  ZC)  ..............  (ZC) 

log  (Diff.  Lat.)  ................  (CD) 

Dist  ....................  .  .(CE) 

Multiplication  is  accomplished  by  adding  logs  hence  these 
logs  are  always  added. 

On  a  Mercator  chart  the  ship's  course  is  represented  by 
a  straight  line  and  cuts  each  meridian  at  the  same  angle 
and  is  called  a  rhumb  line.  For  all  practical  purposes  on 
short  runs  this  rhumb  line  is  the  best  to  use,  but  it  is  not 
the  shortest  distance  between  two  points.  Should  you  be 
able  in  a  course  a  thousand  miles  long,  to  see  your  port  of 
destination  your  rhumb  line  course  at  the  outset  would 
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not  head  your  ship  for  it,  but  (in  northern  latitude)  to  the 
southward  of  it.  However,  as  you  proceeded  the  ship's 
head  would  gradually  draw  towards  the  port  and  you  would 
eventually  arrive.  What  appears  to  be  a  straight  line  on 
this  chart  is  really  a  curve  on  the  sphere  of  the  earth.  Your 
line  of  actual  vision  is  a  great  circle,  and  in  order  to  follow 
such  a  bee  line  you  must  constantly  change  your  compass 
course  (on  a  long  run)  and  describe  a  curve  on  the  Mercator 
chart  unless  the  ship  is  headed  north  or  south  or  east  or 
west  along  the  equator,  in  which  cases  she  is  sailing  on  a 
great  circle.  The  well-known  Hydrographic  Office  Pilot 
Charts  are  on  the  Mercator  projection  and  show  all  steam- 
ship tracks  as  curves,  for  they  are  great  circles. 

The  gnomonic  chart  is  based  on  a  projection  of  the 
earth's  surface  upon  a  plane  tangent  to  any  chosen 
point  which  is  to  be  the  center  of  the  chart.  The  eye 
is  assumed  to  be  at  the  center  of  the  earth  looking  out- 
ward to  the  point  of  tangency.  It  will  be  seen  that  the 
surface  of  the  earth  adjacent  to  the  point  of  tangency 
will  be  very  accurately  shown  on  the  chart,  but  becomes 
distorted  gradually  from  the  center,  the  sides  of  which 
show  the  land  in  such  an  unnatural  shape  that  it  is 
hardly  recognizable. 

With  a  chart  on  this  projection  great  circle  sailing 
is  much  simplified.  The  straight  line  between  two  points 
indicates  the  great  circle  to  follow,  and  the  course  and 
distance  is  obtained  by  following  the  directions  and 
illustrated  example  given  on  each  chart.  They  are  con- 
structed for  the  different  oceans  and  are  for  sale  by  the 
Hydrographic  Office. 

The  course  can  be  transferred  to  a  Mercator  chart  by 
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taking  successive  positions  from  the  gnomonic  chart  and 
plotting  them  according  to  latitude  and  longitude,  and 
joining  by  straight  or  curved  lines. 

In  setting  out  on  a  voyage  the  port  of  destination 
could  it  be  seen  ahead  would  indicate  the  great  circle 
course,  and  in  order  to  continue  to  head  directly  for  it, 
the  course  must  be  continually  changed.  While  in  the 
North  Atlantic  bound  for  Europe  the  course  must  be 
changed  constantly  to  the  east  (right)  in  order  to  re- 
main on  the  great  circle — the  straight  and  shortest 
distance. 

The  course  and  distance  can  be  computed  by  the 
form  given  in  Bowditch,  in  which  two  sides  and  an  in- 
cluded angle  are  given  to  find  the  other  side  and  the 
(course)  angle  at  the  point  of  departure.  The  co-latitudes 
of  the  points  of  departure  and  destination  and  the  angle 
between  them  at  the  pole,  are  respectively  the  sides  and 
the  included  angle.  However,  the  gnomonic  chart  gives 
the  course  and  distance  graphically. 


When  a  chart  is  purchased  or  received  from  the  Govern- 
ment offices  the  date  of  issue  stamped  upon  it  should  be 
carefully  noted.  It  can  safely  be  taken  for  granted  that 
the  chart  has  been  corrected  up  to  that  date  and  it  is 
incumbent  upon  the  navigator  or  master  to  seek  in  all 
Notices  to  Mariners  subsequent  to  this  date  for  any  that 
effect  the  chart.  If  a  Notice  contains  information  requir- 
ing a  correction  the  number  of  the  chart  appears  in  bold- 
face type.  The  alterations  should  be  made  neatly  with 
India  waterproof  ink,  and  if  by  the  nature  of  the  informa- 
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tion  it  is  impracticable  to  make  the  changes  a  note  should 
be  made  in  a  conspicuous  place. 

Charts  are  printed  from  copper,  zinc  or  aluminum  plates 
and  small  changes  easily  made  by  hand  are  not  changed 
on  the  plate  until  an  accumulation  of  errata  make  it 
necessary,  or  sweeping  changes  of  a  more  extensive  nature 
takes  place  such  as  a  new  survey,  dredged  channels,  etc. 
A  chart  under  extensive  correction  is  brought  up  to  date 
in  every  particular,  including  the  latest  geographic  spelling, 
new  docks  and  public  works.  The  date  is  noted  on  the 
right  of  the  center  margin  and  the  dates  of  smaller  hand 
corrections  are  indicated  at  the  lower  left  corner;  the  figures 
denote  the  number  of  the  weekly  Notice  to  Mariners,  in 
which  the  information  is  found,  and  the  year. 

The  different  scales  of  charts  range  from  those  of  the 
world  to  a  harbor  plan.  There  are  charts  of  oceans; 
general  coasts,  such  as  from  the  St.  Lawrence  to  below  New 
York;  intermediate  coasts,  as  from  Eastport,  Maine  to 
Cape  Ann;  and  approaches  to  ports,  say  from  Cape  Ann  to 
Cape  Cod  for  the  port  of  Boston;  and  lastly  there  are 
harbor  plans.  Those  covering  large  areas  are  known  as 
small-scale  charts  while  harbor  charts  are  called  large-scale 
charts. 

A  chart  depends  on  the  surveys  that  furnished  its  data, 
and  its  accuracy  and  reliability  rests  upon  that  survey. 
Even  with  the  most  careful  surveys,  where  the  lead  is  used 
to  ascertain  depths,  there  are  many  instances  where  pin- 
nacle rocks  have  escaped  detection  by  coming  between 
the  casts  of  the  lead  taken  by  the  surveying  party.  These 
isolated  rocks  become  points  of  great  danger  to  vessels  of 
deep  draft,  and  it  becomes  a  measure  of  safety  to  avoid 
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rocky  coasts  and  offshore  patches  by  giving  them  a  wide 
berth.  Spaces  devoid  of  soundings  may  well  be  viewed 
with  suspicion  if  in  reasonably  shallow  water,  for  it  would 
appear  to  indicate  a  lack  of  thoroughness  in  the  survey, 
at  least  a  lack  of  soundings.  The  wire  drag,  a  device  used 
to  sweep  important  areas  to  a  certain  depth,  is  the  only 
sure  way  of  discovering  all  the  dangers  of  the  bottom. 

The  aids  to  navigation  shown  on  the  charts  are  de- 
scribed by  symbols  and  abbreviations  as  fully  as  possible 
with  the  limited  space.  All  symbols  are  placed  in  the  loca- 
tion of  the  aid,  but  in  some  cases  the  actual  position  may 
be  in  doubt  by  the  nature  of  the  symbol,  for  instance  a 
buoy's  location  is  denoted  by  the  ring  that  accompanies 
the  symbol  and  not  the  triangle;  a  light  vessel  by  the  posi- 
tion of  the  dot  of  the  light,  or  between  them  if  there  are 
two  dots  (lights).  Buoys  and  light  vessels  often  drag 
their  moorings  or  go  adrift  entirely,  especially  in  the  winter 
season.  It  is  therefore  the  part  of  wisdom  to  check  a 
ship's  position  by  shore  marks  when  possible  and  be  pre- 
pared to  find  buoys  out  of  position.  The  mechanism  of 
a  light  buoy  is  often  disarranged  through  various  causes. 

The  characteristics  of  all  lights  are  briefly  given  with 
the  visibility  and  height  above  the  sea.  The  charted 
visibility  is  the  distance  they  should  be  seen  from  a  vessel's 
deck  on  which  the  height  of  the  eye  is  fifteen  feet  above  the 
sea,  so,  from  the  deck  of  an  ordinary  power  boat  a  light 
will  not  be  seen  until  well  within  the  range  of  visibility  as 
published,  while  from  the  deck  of  a  large  steamer  the  light 
will  be  seen  outside  its  charted  visibility.  This  refers  to 
high-powered  lights  where  the  curvature  of  the  earth  has 
to  be  given  consideration.  A  flashing  light  is  one  in  which 
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the  flash  is  of  less  duration  than  the  eclipse,  while  an  occult- 
ing light  has  an  eclipse  equal  to  or  less  than  the  period  of 
light.  Flashes  and  eclipses  are  often  grouped  and  receive 
the  name  of  group  flashing  or  group  occulting.  An  alter- 
nating light  is  one  in  which  two  colors  are  shown  each  for 
an  equal  interval  with  no  intervening  eclipse,  but  if  an 
eclipse  separates  the  color  flash  from  a  white  flash,  for 
instance,  it  becomes  a  flashing  white  light  varied  by  a  red 
flash.  It  is  a  very  common  practice  to  insert  sectors  of 
different  colors  into  the  arc  of  visibility  of  a  light  in  order 
to  cover  a  dangerous  shoal  or  to  indicate  a  channel.  Bear- 
ings defining  these  sectors  are  taken  from  seaward  and  not 
from  the  light.  The  term  luminous  range  will  be  met  with, 
and  indicates  the  distance  the  power  of  the  light  can  carry 
the  visibility  irrespective  of  an  intervening  horizon.  A 
light  may  have  a  luminous  range  much  in  access  of  its  vis- 
ibility which  is  limited  by  the  horizon  but  in  a  haze  or  fog 
its  penetrating  power  will  greatly  exceed  that  of  a  light  of 
similar  visibility  but  less  luminous  range.  The  power  of  a 
light  is  more  commonly  shown  by  units  of  a  thousand 
candle  power,  thus,  5.6  indicates  a  power  of  fifty-six  hun- 
dred candles.  The  catoptric  (C.)  light  employs  the 
reflecting,  and  the  dioptric  D.)  the  refracting  principle. 

There  is  a  large  amount  of  useful  information  given  on 
every  chart  that  the  average  mariner  allows  to  escape  his 
notice.  This  failure  on  his  part  is  mostly  due  to  famil- 
iarity, or  reliance  on  pilots  with  local  knowledge. 

The  first  important  feature  of  a  chart  to  be  considered 
is  the  shoreline,  which  is  shown  as  a  continuous  line  rep- 
resenting the  high-water  mark.  This,  it  must  be  borne  in 
mind,  is  much  changed  at  low  water,  and  where  the  range 
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of  tide  is  large  the  shoreline  is  proportionately  in  error. 
Again,  where  the  water  is  shallow  the  change  is  more 
marked  than  where  the  shores  are  steep-to.  If  account  is 
not  taken  of  the  stage  of  the  tide  it  is  easy  to  be  very  much 
deceived. 

In  approaching  a  strange  harbor  the  chart  should  be 
scrutinized  for  prominent  marks,  and  these  identified  as 
soon  as  possible,  then  the  lesser  objects  can  be  picked  up 
by  their  relative  positions  with  the  already  identified  land- 
marks. Among  the  lesser  marks  may  be  found  cliffs, 
boulders,  sandy  beaches,  vegetation,  buildings  (partic- 
ularly church  spires  and  houses  with  cupolas).  Prominent 
elevations  of  land  always  serve  to  identify  a  locality.  The 
chart  shows  these  elevations  clearly  by  contour  lines. 

A  twenty-foot  contour  line,  for  instance,  shows  the  line 
of  the  cut,  should  the  hill  be  sawed  off  twenty  feet  above 
the  sea.  When  contour  lines  are  wide  apart  the  land  has  a 
gradual  slope,  and  as  the  grade  becomes  steeper  the  con- 
tour lines  come  closer  proportionately. 

The  chart,  wherever  possible,  represents  the  earth  as 
seen  from  overhead,  but  in  the  case  of  vertical  objects, 
they  are  of  necessity  shown  horizontally.  One  of  the  nota- 
ble cases  of  this  is  in  the  representation  of  cliffs,  which  in 
order  to  show  their  height  are  drawn  with  the  side  view  as 
seen  from  the  water. 

Numbers  seen  on  the  land  show  the  height  above  the 
high  water. 

From  the  topographical  features  of  a  chart  we  turn  to 
those  of  hydrography.  All  the  depths  indicated  on  a  chart 
are  those  existing  at  mean  low  water  on  the  Atlantic 
Coast,  and  mean  lower  low  water  on  the  Pacific  Coast. 
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All  the  British  Admiralty  and  most  of  the  Hydrographic 
Office  charts  are  reduced  to  the  level  of  low  water  at 
ordinary  spring  tides.  While  there  is  usually  more  water 
to  be  expected  than  shown,  it  must  be  remembered  that 
when  the  plane  of  mean  low  water  is  used,  the  low  waters 
that,  roughly  speaking,  come  between  the  moon's  first 
and  last  quarters,  will  fall  below  the  soundings  on  the 
charts. 

The  effect  of  an  abnormal  barometer  and  high  winds 
must  at  times  be  borne  in  mind,  for  a  continuous  north- 
west wind  will  make  a  vital  difference  in  the  depths  along 
the  Atlantic  seaboard,  especially  in  the  Delaware  and  Ches- 
apeake Bays. 

Very  often  there  is  information  that  can  not  be  sym- 
bolized on  the  chart  and  is  placed  in  italics  in  the  form  of 
a  note.  These  are  always  important  and  should  be  read 
carefully. 

Sailing  directions  are  written  to  supplement  the  charts 
and  preserve  for  the  mariner  a  mass  of  information  which 
otherwise  would  not  reach  him. 

It  is  always  well  to  pay  attention  to  the  current  arrows, 
as  they  are  a  means  by  which  the  strength  and  direction  of 
the  tidal  stream  may  be  ascertained.  The  symbol  of  a 
tide  rip  should  not  be  ignored  by  one  in  a  small  boat,  as 
the  conditions  might  be  right  to  make  them  dangerous. 

On  the  water  areas  of  the  chart  we  find  contours  of 
depths  as  on  the  land  are  contours  of  height.  It  is  a  good 
scheme,  if  one  wanted  to  take  the  trouble  to  run  a  contour 
line  indicating  a  depth  a  few  feet  greater  than  the  draft  of 
his  boat,  and  tint  the  shallow  water  with  a  brush. 

Large  vessels  of  deep  draft  upon  approaching  the  coast 
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are  guided  by  the  ten-fathom  curve  unless  the  shore  is 
very  steep-to  and  the  water  very  deep.  The  masters  of 
such  vessels  would  remain  outside  that  curve  until  their 
position  was  well  established.  Lighter  draft  vessels  are 
guided  by  the  five-fathom  curve  in  a  similar  manner. 

When  approaching  the  land  and  the  landmarks  are  not 
available,  the  character  of  the  bottom  further  assists  the 
mariner  as  he  sounds  slowly  towards  the  land.  The  kind 
of  bottom  is  indicated  by  abbreviations  which  are  obvious 
on  almost  every  portion  of  the  charts. 

The  three-fathom  curve  is  the  most  important  to  the 
greatest  number  of  navigators  and  for  this  reason  is  made 
the  most  pronounced.  In  the  majority  of  charts  it  is 
shown  by  a  "sanded"  area  within  it,  but  in  many  new 
charts  it  is  heavily  tinted. 

In  changing  from  one  chart  to  another  while  working  in 
an  unfamiliar  locality,  take  especial  note  whether  the  sound- 
ings are  in  feet  or  fathoms. 

It  is  an  excellent  practice  when  a  vessel  is  brought 
to  anchor  and  cross  bearings  taken,  to  estimate  the 
radius  of  her  swinging  circle  by  adding  the  amount 
of  chain  out  to  the  length  of  the  vessel  and  with  this 
describe  a  circle  on  the  chart  and  note  if  there  is  any 
danger  of  tailing  into  shoal  water  at  any  quarter. 


CHAPTER  XII 
Piloting 

THE  art  of  piloting  is  of  a  character  quite  different  from 
offshore  navigation,  requiring  of  the  pilot  a  peculiar  skill. 
For  him  the  bottom  is  always  near  the  keel  and  the  breakers 
are  never  far  away.  When  conditions  are  fair  his  work 
is  pleasant  and  easy,  but  with  bad  weather,  a  congestion  of 
shipping,  or  when  the  fog  hangs  low,  his  ingenuity  is  taxed 
in  a  much  more  serious  manner  than  though  he  had  a  few 
hundred  miles  of  offing. 

The  pilot  has  the  lead  always  at  hand,  however,  a  val- 
uable and  almost  infallible  implement.  It  will  at  all  times 
give  information  as  to  the  depth  and  character  of  the  bot- 
tom, and  this  with  bearings  of  known  objects  are  his  main 
dependence  in  locating  the  ship's  position. 

A  bearing  of  a  charted  object  gives  the  valuable  infor- 
mation that  the  vessel  is  somewhere  on  that  line,  but  how 
far  off  is  a  question  to  be  ascertained  according  to  the  cir- 
cumstances. 

In  taking  bearings  the  pelorus  is  set  for  the  direction  of 
the  ship's  head.  The  sight  directed  on  the  object  will 
indicate  its  bearing  (p.s.c.)  per  standard  compass.  If 
there  is  little  or  no  deviation  the  bearing  can  be  very 
quickly  read  off  in  compass  points,  and  with  this  magnetic 
bearing  use  the  inner  compass  rose  on  the  chart.  Other- 
wise read  from  the  pelorus  the  bearing  in  degrees,  apply 
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deviation  and  variation,  and  with  this  true  bearing  use  the 
outer  compass  rose  to  lay  it  down  upon  the  chart. 

The  most  popular  way  of  determining  a  ship's  position  is 
by  the  Four  Point  or  Bow  and  Beam  Bearing.  Here  the 
log  is  read  the  moment  the  light  or  charted  object  is  four 
points  (45°)  on  the  bow.  The 
course  is  held  until  the  same 
object  is  directly  abeam  when 
the  log  is  again  read.  The 
distance  run  is  the  distance 
off  the  object  when  abeam. 
The  reason  for  this  is  that  a 
right-angle  triangle  is  formed, 
and  as  one  angle  is  90°,  an- 
other on  the  vessel's  bow  is 
45°,  leaves  45°  for  the  third, 
as  all  three  angles  of  a  tri- 
angle must  add  up  to  180°.  It  is  a  mathematical  fact  that 
equal  sides  are  found  opposite  equal  angles,  so  the  side  from 
Tower  to  ship  abeam  is  equal  to  the  distance  run.  (Fig.  24.) 

In  the  same  situation  as  above  it  often  happens  that  a 
shoal  or  reef  lies  off  the  point  upon  which  the  object  is 
located,  and  to  wait  until  it  was  abeam  before  locating  the 
ship  would  be  to  take  a  dangerous  chance.  Under  such 
circumstances  the  method  called  Doubling  the  Angle  on 
the  Bow  should  be  practiced.  A  bearing  is  taken  when  the 
object  is,  say  35°  on  the  bow,  read  the  log  and  proceed  on 
the  same  course  until  it  bears  70°  (double  3 5°),  when  the 
log  is  again  read.  The  distance  run  is  the  distance  off  the 
object  when  the  second  bearing  was  taken.  It  may  be 
added  as  a  matter  of  warning  that  if  there  is  a  current  run- 


Ship's  Course  East 
Distance  10  Miles 

FIG.  24. 
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ning  either  against  or  with  the  vessel,  an  allowance  should 
be  made  for  it  in  the  distance  run.  Otherwise  the  distance 
off  the  light  will  be  in  error  just  the  amount  of  the  current. 


Ship's  Course 

FIG.  25.— Doubling  the  Angle  on  the  Bow. 

The  triangle  employed  in  this  method  is  obtuse  angled 
with  35°  at  the  position  of  the  first  bearing.  The  angle  of 
70°  at  the  position  of  the  second  bearing  is  the  supplement 
of  the  angle  within  the  triangle  or  110°,  thus  the  third 
angle  is  found  by  adding  iio°+350  =  i45°,  and  this 
subtracted  from  180°— (the  sum  of  all  three  angles) 
leaves  35°  for  the  angle  at  the  object.  And  again,  sides 
are  equal  when  opposite  equal  angles.  Hence,  when  the 
object  bears  70°  the  distance  from  the  object  is  the  dis- 
tance run  between  bearings. 

It  is  often  desirable  to  know  beforehand  how  far  off  you 
are  going  to  pass  a  lighthouse  when  it  is  abeam,  owing  to 
the  existence  of  dangers  offshore.  There  has  been  computed 
a  number  of  combinations,  easily  memorized,  which  serve 
this  purpose  admirably.  If  the  log  is  read  when  the  first 
bearing  is  on  the  bow  and  the  distance  run  up  to  the  bear- 
ing of  the  second  number  will  be  the  distance  off  the  light 
when  passed  abeam.  The  combinations  most  commonly 
used  are  as  follows: 
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22°  and  34°; 
27°  and  46°; 
32°  and  59°; 


and  41°; 

o. 


25  .       , 

29°  and  51°; 
40°  and  79°. 


If  only  a  single  object  is  in  sight  the  ship's  position  may 
be  more  or  less  accurately  located  by  taking  a  sounding 


The  Ships  position  is 
indicated  by  a  sounding 
of  nine  fathoms. 


Cross  Section  of 
Line  of  Bearing 


FlG.  26. 


when  the  bearing  is  noted.    If  the  coast  is  shelving  this 
method  may  be  fairly  accurate. 

If  the  single  object  in  sight  is  a  lighthouse  or  tower 
whose  height  above  the  sea  can  be  found  in  the  light  list 


Tower 


V»  Angle  of  elevation^ 

FIG.  27.— Vertical  Danger  Angle. 

or  on  the  chart,  there  is  another  method  of  locating  the 
ship  available.  A  bearing  is  taken  in  the  usual  manner 
and  laid  down  upon  the  chart.  A  vertical  angle  is  measured 
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with  a  sextant  at  the  time  of  taking  the  bearing,  between 
the  top  of  the  tower  and  the  waterline  at  its  base.  This 
will  not  form  a  right  triangle  because  the  angle  is  taken  from 
the  ship's  deck  considerably  above  the  water,  but  by  ob- 
serving the  angle  from  a  low  position,  and  if  the  ship  is 
not  too  close  to  the  land  the  error  will  not  be  a  serious  one. 
The  triangle  can  readily  be  solved  having  a  side  and  an 
angle  given,  but  Table  33  Bowditch  saves  the  computation, 
and  the  distance  from  the  tower  is  readily  picked  out. 

This  angle  is  sometimes  used  as  a  danger  angle:  The 
angle  is  determined  at  a  position  of  safety  outside  a  shoal 
or  reef  and  the  mariner  guards  against  the  vertical  angle 
becoming  any  larger,  and  thus  maintaining  a  position 
outside  the  danger. 

A  danger  bearing  is  another  expedient  to  avoid  a 
reef.  The  bearing  is  laid  down  in  such  a  way  that  on  one 
side  of  it  will  be  safety  and  the  other 
danger.  A  conspicuous  object  is  se- 
lected so  bearings  can  be  readily  and 
constantly  taken  of  it.  In  the  situa- 
tion illustrated  the  navigator  would 
have  on  his  mind — "I  must  no  tallow 
the  lighthouse  tc  bear  northward  (or 
less)  than  25°  in  order  to  safely  dear 
the  Cripple  Rocks." 

In  the  sailing  directions  there 
will  often  be  seen  such  warnings  as 
this :  "In  order  to  avoid  Wreck  Rock 
keep  Weather  Point  open  of  Powder  Point."  This  is  shown 
in  the  illustration.  Or  it  may  say  "  do  not  allow  Weather 
Point  to  shut  in  ,by  Powder  Point."  In  other  words  do 


Cripple 
Rks. 


FIG.  28.— Danger  Bear- 
ing. 
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not  allow  the  extremity  of  Weather  Point  to  go  out  of 
sight. 

The  ship's  position  can  be  obtained  approximately  by 
two  bearings  of  the  same  object  with  a  run  between  them. 


Powder 
•  Pt. 


Wecrther  Pt., 


FIG.  29. 

For  example,  say  a  bearing  is  taken  when  the  object  is  15° 
and  another  when  it  bears  315°.  With  these  plotted  on 
the  chart,  and  the  distance  rim  by  log  between  taken  on  a 
pair  of  dividers,  carry  the  points  of  the  latter  in  toward 


JDK..: 

Ship  erf  *•'•**- J  to  Milts        \^-Shio  atstcond 
btanng         [~~  _\     btarinq 

~ 


FIG.  30. — Two  Bearings  and  Run  between. 

the  object,  holding  them  always  parallel  with  the  course 
steered.  When  each  leg  rests  on  the  plotted  bearings  there 
is  shown  the  first  and  second  positions  of  the  ship. 

Cross  Bearings. — If  two  charted  objects  are  visible,  a 
bearing  of  each  taken  simultaneously  will,  as  previously 
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stated,  locate  the  ship.    These  are  called  cross  bearings. 
If  an  error  be  made  in  taking  or  plotting  either  of  the  bear- 


-Ship's  Posfh'on  by 
Cross  Bearings 


FIG.  31. — Cross  Bearings. 

ings,  however,  there  is  no  check,  and  it  is  advisable  if  a 
third  object  is  in  sight  to  add  its  bearing  to  the  others  and 
if  all  three  lines  intersect  without  forming  a  triangle  the 
mariner  may  be  assured  that  he  has  a  splendid  "fix." 

Danger  Angles. — A  very  practical  and  accurate  way  of 
keeping  clear  of  disaster  is  by  the  so-called  Danger  Angle 
method.  Two  charted  objects  are  selected  on  either  side 
of  the  shoal  or  reef,  and  on  the  chart  outside  of  it  a  point  is 
selected  inside  of  which  it  is  not  desirable  to  go.  A  line 
is  drawn  between  the  selected  objects  which  is  the  chord  of  a 
circle  passing  through  the  selected  safety  point  and  both 
objects.  The  problem  is  based  on  the  geometric  fact  that 
the  angle  between  the  lines  from  the  extremities  of  a  chord 
is  the  same  at  whatever  part  of  the  circumference  they 
happen  to  meet.  So  all  along  the  circle  the  same  angle  is 
found;  inside  or  nearer  the  objects  *t  is  larger,  outside 
or  farther  away  the  angle  is  smaller.  If  the  mariner  learns 
the  amount  of  this  angle  by  taking  off  with  a  protractor 
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or  by  parallel  rulers,  it  can  be  set  on  his  sextant  and  the 
horizontal  angle  between  the  two  bodies  not  allowed  to 
get  any  larger. 


Duxbory 
*  Ledge 

FIG.  32. — Danger  Angles. 

Should  there  be  two  reefs  with  a  navigable  channel 
between  and  it  be  desired  to  use  it,  the  double  danger 
angle  could  be  resorted  to  as  a  wise  precaution.  The 
first  angle  in  the  illustration  (120°)  covering  Partridge 
Rocks  is  established  as  described  above.  Upon  the  same 
principle  a  second  angle  (98°)  is  established  by  selecting  a 
safety  point  on  the  outer  side  of  the  channel  and  inside 
Duxbury  Ledge.  In  navigating  this  channel  the  outer  angle 
(98°)  must  not  be  allowed  to  get  smaller  and  the  inner  one 
must  not  get  larger  than  120°.  If  this  should  happen, 
port  the  helm  quickly  and  haul  out.  In  this  way  a  safe 
passage  will  be  made  between  the  reefs. 

There  is  an  instrument  called  a  Three-armed  Protractor 
which,  to  those  officers  fortunate  enough  to  have  one  on 
their  ship,  furnishes  a  splendid  means  of  locating  a  vessel. 
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All  soundings  taken  by  the  hydrographic  parties  of  the 
United  States  Coast  Survey  are  located  in  this  way. 

The  protractor  consists  of  a  graduated  metallic  circle, 
pivoted  at  the  center  of  which  are  three  arms.  The  two 
outer  ones  are  movable,  and  are  capable  of  being  set  at 
any  desired  angle.  In  setting  these  angles  the  operator  is 
assisted  by  a  clamp  screw,  tangent  screw,  magnifying  glass 
and  vernier  as  in  the  ordinary  sextant. 

Three  charted  objects  not  too  close  together  are  required. 
The  sextant  angle  between  the  left  and  center  objects  is 
taken  and  simultaneously  with  another  sextant  or  very 
quickly  with  the  same  instrument,  the  angle  between  the 
center  and  right-hand  objects.  These  two  angles  are  set 
on  the  three-arm  protractor  and  the  instrument  moved 
about  on  the  chart  until  the  edge  of  each  arm  is  exactly  on 
the  corresponding  object.  A  pencil  inserted  in  the  hole  at 
the  center  of  the  protractor  denotes  accurately  the  posi- 
tion of  the  vessel.  There  is  no  deviation  or  variation  to 
apply  with  the  chance  of  error  that  attends  them. 

There  is  one  condition  that  must  be  avoided  in  using 
this  method,  which  is  known  as  a  "revolver."  This  occurs 


Church 


^Ship's  Position 

FIG.  33. — Three-point  Problem. 

when  all  three  objects  lie  in  the  circumference  of  the  same 
circle  as  the  position  of  the  ship. 
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In  the  illustration  the  horizontal  angles  from  Lt.  Ho. 
to  Tower  62°  and  from  Tower  to  Church  40°  are  plotted 
with  the  three-armed  protractor  as  shown  and  the  ships 
position  lies  at  the  apex  of  the  angles. 


This  has  been  a  long  voyage  and  I  am  glad  to  tie  up  and 
let  the  printers  take  charge.  If  any  of  my  readers  see 
places  where  I  have  stood  into  the  shallow  water  of  inac- 
curacy, I  will  be  grateful  for  a  passing  hail  that  I  may  shift 
helm  and  get  out  with  as  little  damage  as  possible. 
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Problems 

NOTE. — All  observations  in  these  problems  were  made  of  the  lower 
limb  of  the  sun  (Q). 

DEAD  RECKONING 

The  American  ship  Lightfoot  proceeded  from  a  noon  position 
at  sea  in  latitude  55°  S.,  longitude  2°  20'  E.  The  variation 
was  20°  W.  A  current  was  estimated  to  be  setting  S.  80°  E. 
(Mag.)  24  miles  during  24  hours.  She  sailed  the  following 
courses: 


Hrs. 

Kts. 

C.  C. 

Wind. 

Lee. 

Dev.   ' 

1-4 

40 

N.  40°  W. 

W. 

8° 

S°E. 

4-8 

36 

N.  45°  W. 

W. 

10° 

S°E. 

8-4  (A.M.) 

70 

N.  38°  W. 

W. 

8° 

2°E. 

4-8 

35 

N.  20°  W. 

W.  N.  W. 

4° 

i°W. 

8-12 

38 

S.  60°  W. 

W.  N.  W. 

4° 

4°W. 

What  is  the  latitude  and  longitude  of  the  ship  and  the  course 
and  distance  made  good? 

Ans.  Latitude  in  53°  28'  6".  Longitude  i°  22'  oo"  W. 
Course  N.  55°  W.  Distance  160  miles. 


Took  departure  from  a  point  in  latitude  48°  05'  S.,  longi- 
tude 178°  58'  E.  bearing  by  compass  N.  83°  W.  20  miles, 
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ship's  head  N.  10°  W.  Variation  14°  E.  A  current  set  S.  20° 
E.  (Mag.)  25  miles  in  24  hours.  The  ship  sailed  the  following 
courses: 


Hrs. 

Dist. 

Course. 

Lee. 

Wind. 

Dev. 

I-  4 

4Q 

N.  10°  W. 

3° 

N.E. 

10°  E. 

4-8 

33 

N.  50°  E. 

6° 

E.  S.  E. 

20°  E. 

8-12 

38 

S.  50°  E. 

3° 

S.  S.  W. 

i8°W. 

12-  4 

28 

S.  10°  E. 

8° 

E.XS. 

15°  W. 

4-8 

26 

N.    8°W. 

8° 

E.  N.  E. 

20°  E. 

8-12 

39 

N.  65°  E. 

3° 

N. 

iS°E. 

Required  the  latitude  and  longitude  in  and  the  course  and 
distance  made  good. 

Ans.  Latitude  48°  14'  oo"  S.  Longitude  177°  31'  oo"  W. 
Course  S.  86°  E.  Distance  141  miles. 


MERCATOR  SAILING 

The  master  of  a  vessel  is  about  to  sail  from  latitude  2°  35'  N., 
longitude  40°  5'  W.  to  latitude  14°  8'  S.  Longitude  36°  20'  W. 
What  is  the  course  and  distance? 

Ans.    S.  12°  37'  E.    1028  miles. 

A  vessel  sails  from  latitude  11°  27'  N.,  longitude  57°  25'  W. 
to  a  point  in  latitude  13°  3'  N.,  longitude  59°  32'  W.  What  is 
the  course  and  distance? 

Ans.    N.  52°  27'  W.    157.5  miles. 

A  master  of  a  vessel  about  to  leave  latitude  24°  53'  oo"  N., 
longitude  67°  30'  W.  desires  the  course  and  distance  to  a  point 
in  latitude  21°  56'  N.,  longitude  65°  27'  W. 

Ans.    S.  32°  40'  E.    210.3  miles. 
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What  was  the  course  steered  by  a  vessel  and  the  distance 
to  be  covered  in  sailing  from  latitude  30°  30'  N.,  longitude 
45°  20'  W.,  to  a  point  in  latitude  48°  45'  N.,  longitude  7°  10'  W.? 

Ans.    N.  58°  01'  E.    2067  miles. 

The  true  course  and  distance  is  desired  from  a  point  south- 
ward of  Madeira  to  Nantucket  Lightship  by  Mercator  sailing. 
The  former  being  in  latitude  32°  35'  N.,  longitude  16°  52'  W., 
and  the  latter  in  latitude  40°  40'  N.  and  longitude  69°  40'  W. 

Ans.    N.  79°  14'  W.    2595  miles. 

MERIDIAN  ALTITUDE 

At  sea  on  June  14,  1919,  observed  the  altitude  of  the  O 
bearing  north  62°  28'.  The  longitude  by  D.  R.  was  34°  50.5' 
W.  Eye  36  feet.  What  was  the  latitude  of  the  ship? 

Ans.    Latitude  4°  08'  29"  S. 

At  sea  April  25,  1919,  observed  the  latitude  of  the  O  bearing 
south  to  be  78°  01'.  The  longitude  by  D.  R.  was  67°  30'  W. 
Eye  was  36  feet.  What  was  the  latitude  of  the  ship? 

Ans.    Latitude  24°  48'  50"  N. 

May  8,  1919,  observed  the  O  while  on  the  meridian  to  be 
69°  44'  bearing  N.  Eye  was  36  feet.  The  longitude  by  D.  R. 
was  35°  22'  W.  What  was  the  latitude  at  noon? 

Ans.    Latitude  3°  12'  19"  S. 

At  sea  on  April  i,  1919,  observed  the  altitude  of  Arcturus 
to  be  35°  20'  bearing  N.  Eye  20  feet.  What  is  the  latitude 
of  the  ship? 

Ans.  35°  9'  51"  S. 

On  Nov.  10,  1919,  took  the  altitude  of  Sirius  while  on  the 
meridian  bearing  south  41°  16'.  Eye  32  feet.  What  was  the 
latitude  of  the  ship? 

Ans.    32°  14' 19"  N. 
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TIME  SIGHT 

On  July  8,  1919,  A.M.,  observed  the  altitude  of  the  O  to  be 
21°  10'.  Eye  30  feet.  The  chronometer  read  9  hrs.  20  mins. 
10  sees.  A.M.,  the  chronometer  correction  +5  min.  3  sees. 
The  latitude  by  D.  R.  was  40°  5'  N.  What  was  the  longitude 
of  the  ship? 

Ans.    Longitude  40°  41"  W. 

At  sea  June  2,  1919,  A.M..  the  observed  altitude  of  the  O 
was  19°  22'.  Time  by  chronometer  i  hr.  20  mins.  12  sees. 
2  hrs.  25  mins.  04  sees,  fast  of  G.  M.  T.  Eye  36  feet.  The 
which  was  latitude  by  D.  R.  was  30°  30'  30"  S.  Required,  the 
longitude. 

Ans.    Longitude  33°  18'  45"  W. 

At  sea  May  i,  1919,  observed  the  altitude  of  the  O  to  be 

37°  34'.    The  time  by  chronometer  i  hr.  23  mins.  23  sees. 

which  was  fast  of  G.  M.  T.  i  hr.  22  mins.  2  sees.    Eye  30  feet. 

The  latitude  by  D.  R.  was  11°  2.8'  N.    Required,  the  longitude. 

Ans.    54°  40'  30"  W. 

June  22,  1919,  A.M.,  at  ship  observed  the  altitude  of  the  O 
to  be  37°  47'.  The  time  by  chronometer  i  hr.  47  mins.  8  sees. 
which  was  i  hr.  27  mins.  5  sees,  fast  on  G.  M.  T.  Eye  36  feet. 
Latitude  by  D.  R.  was  15°  31'  N.  Required,  the  longitude. 

Ans.    59°  31'  45"  W. 


Feb.  i,  1919,  P.M.,  observed  the  O  to  be  20°  30'.  Eye  25 
feet.  The  chronometer,  which  was  5  mins.  2  sees,  slow  on 
Jan.  loth  and  losing  10.2  sees,  daily,  reads  n  hrs.  5  mins.  30 
sees.  The  latitude  by  D.  R.  27°  12'  S.  What  is  the  longitude? 

Ans.  90°  W. 


APPENDIX  195 

At  sea  July  4, 1919,  P.M.,  at  ship,  observed  the  0  to  be  17°  58'. 
The  chronometer  read  3  days  19  hrs.  24  mins.  10  sees,  and  was 
gaining  7.25  sees,  daily.  On  June  2  it  was  slow  58  mins.  5  sees, 
at  Greenwich  mean  noon.  The  eye  was  17  feet  above  the 
water.  The  latitude  by  D.  R.  was  52°  5'  N.  What  was  the 
longitude? 

Ans.    Longitude  146°  04'  45"  E. 

POLARIS  AND  TIME  SIGHT  A.M. 

At  sea  Dec.  24,  1919,  about  5:45  A.M.,  observed  the  altitude 
of  Polaris  to  be  13°  54'.  The  chronometer  which  was  i  hr. 
8  mins.  fast  of  G.  M.  T.,  reading  n  hrs.  57  mins.  Eye  36  feet. 
The  longitude  by  D.  R.  was  76°  49.5'  W. 

A  course  was  then  made  good  N.  30°  E.  steaming  10  knots 
an  hour  to  8.04  A.M.  when  the  sun's  lower  limb  was  observed 
to  be  20°  34'  when  the  chronometer  read  2  hrs.  19  mins.  7  sees, 
which  was  then  fast  i  hr.  7  mins.  58.5  sees,  of  G.  M.  T.  Eye 
36  feet.  A  course  was  then  made  good  to  noon  N.  28°  E.  at 
10  knots  an  hour,  when  the  meridian  altitude  was  50°  50'  48" 
bearing  south.  Eye  still  36  feet  above  the  sea.  What  was  the 
latitude  by  Polaris,  longitude  by  sun  at  8:04  A.M.,  and  latitude 
and  longitude  at  noon? 

Ans.  Latitude  14°  45'  7".  Longitude  76°  54'  15"  W. 
At  noon  latitude  15°  33'  26"  N.  Longitude  76°  35'  15"  W. 

TIME  SIGHT  OF  STAR 

Observed  the  altitude  of  the  star  Regulus  to  be  32°  10' 
when  the  chronometer  corrected  for  G.  M.  T.  read  9  hrs. 
51  min.  30  sees,  on  March  28,  1919.  The  latitude  by  D.  R. 
was  15°  30'  S.,  the  eye  36  feet.  What  was  the  longitude? 

Ans.    49°  15' 15"  W. 
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TIME  SIGHT  AND  AZIMUTH 

At  sea  on  Mar.  27, 1919,  A.M.,  at  ship,  observed  the  altitude 
of  the  O  to  be  25°  10'  42".  Eye  18  feet.  The  chronometer 
time  -was  27  days,  4  hrs.  58  mins.  22  sees,  which  was  gaining 
2.1  sees,  each  day,  and  was  17  mins.  12  sees,  fast  on  Feb.  28, 
at  G.  M.  noon.  The  sun  bore  S.  62°  E.  at  time  of  sight,  the 
variation  of  10°  W.,  the  latitude  40°  N.  What  was  the  devia- 
tion and  the  longitude  of  ship? 

Ans.    i°  43'  E.  deviation.    Longitude  127°  oo'  15"  W. 


TIME  SIGHT  AND  LONGITUDE  FACTOR 

At  sea  on  May  4,  1919,  A.M.,  the  altitude  of  O  was  40°  45', 
when  the  chronometer  read  i  hr.  5  mins.  5  sees,  which  was  i  hr. 
22  nuns.  30  sees,  fast  of  G.  M.  T.  The  latitude  by  D.  R.  at 
the  tune  of  sight  was  7°  26'  N.  Eye  36  feet.  The  Sun's 
bearing  was  N.  87°  E.  by  compass  with  a  deviation  of  3°  W. 
and  variation  of  10°  W.  A  course  of  S.  71°  E.  was  made  good 
to  noon,  speed  9  knots.  The  observed  altitude  of  O  at  noon 
was  81°  21.5'  bearing  N.  Required,  the  latitude  and  longitude 
at  noon. 

Ans.  Latitude  7°  17'  4$"  N.  Longitude  45°  25'  15"  W. 
Using  long  factor  described  on  page  146, 

POLARIS 

At  sea  Dec.  29,  1919,  P.M.,  when  the  chronometer  showed 
ii  hrs.  27  mins.  15  sees.,  the  altitude  of  *  Polaris  was  32°  12'. 
Eye  36  feet.  The  longitude  by  dead  reckoning  was  66°  22'  W. 
What  was  the  latitude? 

Ans.    The  latitude  30°  57'  17"  N. 
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At  sea  on  May  14, 1919,  A.M.,  observed  the  altitude  of  Polaris 
to  be  55°  20'.  Eye  18  feet.  The  chronometer,  which  was  fast 

12  min.  10  sees.,  read  13  days  18  hrs.  30  mins.    The  longitude 
by  D.  R.  was  30°  12'  W.    What  was  the  latitude? 

Ans.    550i3'io"N. 

At  sea  July  4,  1919,  P.M.,  observed  the  altitude  of  Polaris 
to  be  42°  4'.  Eye  22  feet.  The  chronometer,  read  4  days 

13  hrs.  30  mins.  42  sees.    The  longitude  by  D.  R.  was  71°  54'  W. 
What  was  the  latitude? 

Ans.    42°  56'  52"  N. 

At  sea  on  Jan.  20, 1919,  A.M.,  observed  the  altitude  of  Polaris 
to  be  30°  42'.  Eye  32  feet.  The  chronometer,  which  was  fast 
8  mins.  n  sees.,  on  Jan.  10  and  gaming  .5  sec.  daily,  read  19 
days  21  hrs.  5  mins.  and  8  sees.  Longitude  by  D.  R.  was  44° 
58'  W.  What  was  the  latitude? 

Ans.    31°  41' 52"  N. 
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EX-MERIDIAN  ALTITUDE 

At  sea  May  12, 1919,  observed  the  altitude  of  the  O  to  be 
53°  30'  bearing  N.  when  the  chronometer  read  2  hrs.  13  mins. 
40  sees.  The  eye  was  36  feet.  Latitude  and  longitude  by 
D.  R.  was  18°  S.  and  37°  10'  W.  What  was  the  latitude? 

Ans.    18°  if  S. 

On  Apr.  26,  1919,  observed  the  altitude  of  O  near  noon  to 
be  81°  12'  when  the  chronometer  read  4  hrs.  15  mins.  46  sees. 
The  D.  R.  position  was  latitude  22°  N.  Longitude  65°  26' 
36"  W.  Eye  36  feet.  Required,  the  latitude. 

Ans.    2i°54/i5"N. 

At  sea  June  16,  1919,  observed  the  altitude  of  lower  limb 
of  sun  near  noon  and  found  it  to  be  66°  26'  N.  G.  M.  T. 
2  hrs.  44  mins.  56  sees.  The  ship  was  on  the  equator  by  D.  R. 
and  longitude  43°  42'  30"  W.  Eye  36  feet.  Required,  the  lati- 
tude. 

Ans.    o03'°2"N. 

When  in  latitude  12°  N.,  longitude  78°  26'  W.,  by  D.  R. 
on  Dec.  23, 1919,  observed  the  O  near  noon  to  be  54°  10'  bearing 
S.  when  the  chronometer  read  5  hrs.  6  mins.  48  sees.  Eye  36 
feet.  Required,  the  latitude. 

Ans.    i2°ii'43"N. 

The  altitude  of  the  0  observed  near  noon  was  43°  32.5'  N. 
on  June  4,  1919.  The  chronometer  read  2  hrs.  46  mins.  8  sees, 
and  the  D.  R.  position  was  latitude  24°  S.,  longitude  43°  32'  W. 
Eye  36  feet.  Required,  latitude. 

Ans.    23°  55' 47"  S. 
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ALTITUDE  AZIMUTH 

At  sea  on  May  14,  1919,  observed  the  O  to  be  16°  30'. 
Eye  1 8  feet.  The  compass  bearing  was  S.  m°  40'  E.  The 
sight  was  taken  at  8  hrs.  24  mins.  and  30  sees.  A.M.  while  in 
latitude  and  longitude  by  D.  R.  28°  55'  S.  and  140°  30'  W., 
respectively.  The  variation  was  9°  E.  Required,  the  deviation. 

Ans.    2o°is'W. 

At  sea  Dec.  24,  1919,  A.M.,  at  ship  observed  altitude  of  O 
to  be  20°  34'  when  the  chronometer,  which  was  i  hr.  7  mins. 
58.5  sees,  fast  of  G.  M.  T.,  read  2  hrs.  19  mins.  7  sees.  The 
sun  bore  S.  58°  E.  by  compass,  and  the  eye  was  36  feet  high. 
The  D.  R.  position  was  latitude  15°  5'  20"  N.  and  the  longitude 
76°  54'  W.  Required,  the  deviation  if  the  variation  was  2°  E. 

Ans.    i°  10'  W. 

At  sea  May  4,  1919,  in  latitude  7°  26'  N.,  observed  alti- 
tude of  O  to  be  40°  45'  bearing  N.  87°  E.  by  compass,  at 
3  days  23  hrs.  42  mins.  35  sees.  G.  M.  T.  The  eye  was  36  feet 
high  and  the  variation  10°  W.  Required,  the  deviation  of  the 
compass. 

Ans.    i°24'W. 
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AMPLITUDES 

While  at  sea  on  Aug.  5, 1919,  in  latitude  38°  15'  N.,  longitude 
68°  32'  W.  observed  the  sun  at  rising  to  bear  E.  12°  N.  by 
compass.  The  chronometer  corrected  to  G.  M.  T.  read  9  hrs. 
42  mins.  and  the  variation  was  13°  W.  What  was  the  devia- 
tion? 

Ans.    3°E. 

At  sea  Feb.  n,  1919,  in  latitude  26°  30'  N.,  longitude  24° 
48'  W.  The  sun  at  rising  bore  E.  9°  S.  at  5  hrs.  45  mins.  local 
mean  time.  Variation  19°  15'  W.  Required,  the  deviation? 

Ans.    26°  08'  E. 

On  April  n,  1919,  N.  87°  E.,  in  latitude  21°  N.  and  longi- 
tude 157°  48'  W.  the  sun  at  rising  bore.  The  chronometer 
read  4  hrs.  21  mins.  P.M.  G.  M.  T.  The  variation  was  10° 
30'  E.  Required,  the  deviation. 

Ans.    i6°io'W. 

At  sea  May  16,  1919,  in  latitude  42°  S.,  longitude  36°  W., 
observed  the  sun  at  setting  to  bear  by  compass  W.  12°  N.  at 
4  hrs.  47  mins.  local  mean  time.  The  variation  was  10°  30'  W. 
What  was  the  deviation? 

Ans.    24°28'E. 

At  sea  Mar.  8, 1919,  at  ship  observed  the  sun  rising  to  bear 
N.  89°  E.  by  compass  when  the  chronometer  read  8  days, 
2  hrs.  21  mins.  30  sees.  The  latitude  and  longitude  by  D.  R. 
were  44°  15'  S.  and  127°  25'  W.  respectively.  The  variation 
was  16°  E.  What  was  the  deviation? 

Ans.    Dev.7°48'W. 
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ST.  HILAIRE  METHOD 

At  sea  May  6, 1919,  A.M.,  in  D.  R.  latitude  3°  13.5'  N.,  longi- 
tude 40°  31.2'  W.,  the  observed  altitude  of  O  was  34°  n'. 
Chronometer  read  12  hrs.  20  mins.  38  sees.  A.M.,  which  was 
i  hr.  22  mins.  33  sees,  fast  of  G.  M.  T.  Eye  33  feet.  A  course 
was  then  made  good  S.  45°  E.  for  35  miles  when  the  observed 
altitude  of  O  was  74°  35'.  Chronometer  read  3  hrs.  31  mins. 
ii  sees.  Same  rate,  eye  33  feet.  Required,  the  latitude  and 
longitude  at  second  sight. 

Ans.    Latitude  2°  45'  18"  W.    Longitude  40°  03'  12"  W. 

May  i,  1919,  at  sea  about  8:30  A.M.,  D.  R.  latitude  11°  2.8' 
N.,  longitude  54°  41'  W.  Chronometer  read  i  hr.  23  mins. 
23  sees.,  which  was  i  hr.  23  mins.  2  sees,  fast  of  G.  M.  T.  Ob- 
served altitude  of  0  37°  23'  bearing  N.  and  E.  Eye  36  feet. 
A  course  was  then  made  good  S.  68°  E.  for  30  miles  when  the 
observed  altitude  of  O  was  82°  20'  30".  Chronometer  read 
4  hrs.  30  mins.  19  sees,  fast  of  G.  M.  T.  i  hr.  22  mins.  24  sees. 
Eye  36  feet.  Required,  latitude  and  longitude  of  second  sight. 

Ans.    Latitude  10°  47'  30"  N.    Longitude  54°  08'  36"  W. 

At  sea  Nov.  3, 1919,  about  4  P.M.,  in  latitude  12°  20'  30"  S., 
longitude  79°  56'  W.,  the  observed  altitude  O  was  30°  40' 
bearing  S.  and  W.  Chronometer  read  9  hrs.  7  mins.  44  sees. 
No  error.  Eye  36  feet.  Required,  the  latitude  and  longitude. 

Ans.    Latitude  12°  21'  18"  S.    Longitude  79°  59'  36"  W. 

At  sea  Dec.  2, 1919,  about  8:30  A.M.,  in  latitude  36°  30'  S., 
longitude  73°  14'  30"  W.,  the  observed  altitude  O  was  42°  26' 
bearing  N.  and  E.  Chronometer  read  i  hr.  12  nuns.  58  sees. 
No  error.  Eye  36  feet.  Required,  the  latitude  and  longitude. 

Ans.    Latitude  36°  31'  36"  S.    Longitude  73°  21'  45"  W. 
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Acceleration  for  longitude,  99 
Amplitude,  20,  107 
Aphelion,  16 
Apogee,  158 
Apparent  time,  44,  57 
Astronomical  time,  50 
Astronomical  triangle,  112 
Astronomical  triangle  diagram,  front- 

ispiece 
Azimuth,  20,  106 

altitude,  108 

Weir's  diagram  of,  108 
Azimuths  and  amplitudes,  103 

B 

Bow  and  beam  bearing,  181 


Calendar,  72 
Celestial  equator,  21 
Celestial  latitude,  22 

longitude,  22 
Celestial  pole,  17 
Celestial  sphere,  17 
Chart,  contours,  175 

corrections,  171 

scales,  172 
Charts,  165 

datum,  175 

diagrams  of  symbols,  177 

fathom  curves,  178 

information  on,  174 

symbols^  173 


Chronometer  time,  necessity  of  ac- 
curacy in,  95 

Circles  of  equal  altitudes,  121 
Circum-meridian  altitude,  90 
Civil  time,  50 
Compass,  107 

deviation  of,  104 

error  of,  104 

naming  of,  no 

Conversion  of  Arc  into  Tune,  63 
Conversion  of  Time  into  arc,  62 
Coordinates,  17 
Corrections  for  courses,  3,  104 

diagrams,  no 
Corrections  for  observed  altitudes, 

76 
Cross  bearings,  185 


Danger  angle,  186 
Danger  bearing,  184 
Day  lost  and  day  gained,  45 
Dead  reckoning,  i 
Declination,  23 

daily  change  of,  32 
Departure,  4 

Deviation,  naming  of,  no 
Difference  of  latitude,  4 
Difference  of  longitude,  6 
Dip,  80 

Double  altitude  problem,  131 
Double  danger  angles,  187 
Doubling  the  angle  on  the  bow,  181 
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E 

Earth's  orbit,  16 

revolution  around  the  sun,  28 
Eclipses,  1 60 
Ecliptic,  22 

Equal  altitude  circle,  120 
Equal  altitude  method,  114 
Equation  of  Time,  64 
diagram  of,  69 
error  due  to  obliquity,  68 
Equinoctial  colure,  34 
Ex-meridian  altitude,  90 

bodies  below  the  pole,  94 
planets,  92 
stars,  94 


First  point  of  Aries,  22,  38 
Four-point  bearing,  181 


Gnomonic  chart,  170 
Great  circles,  18 
Great-circle  sailing,  170 
Greenwich  mean  time  on  navigator's 

watch,  62 

Greenwich  Time,  49 
Gregorian  Calendar,  73 


Horizon,  rational,  19,  83 

sensible,  19,  81 

visible,  19,  81 
Hour  angle,  22 
Hour  circles,  21 


Index  correction,  76 
International  date  line,  47 


Johnson's  method,  142 

diagrams,  145 
Julian  calendar,  73 


Kepler's  Law,  65 


Latitude,  86 

by  meridian  altitude,  86 

<f>'  <j>"  sight,  100 

by  Polaris,  96 

factor,  148 

formula  for  finding,  88 
Laying  a  course,  104 
Lights,  characteristics,  etc.,  173 
Longitude,  in 

and  time,  112 

by  equal  altitudes,  114 

factor,  146 

prime  vertical,  113 

stars  and  planets,  115 
Lunar  cycle,  162 

M 

Mean  Tune,  49,  57 

Mean  time  into  sidereal,  61 

Mercator  chart,  165 

Mercator  Projection,  165 
diagram,  166-168 

Mercator  sailing,  168 

Meridian  altitude,  86 

time  to  observe  a  star,  89 
to  report  at  noon,  89 

Meridional  parts,  168 

Middle  latitude  sailing,  6-12 

Mizar,  97 
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Moon,  158 

full,  159 

harvest,  162 

new,  159 

Moon's  declination,  162 
diagram,  163 

nodes,  162 

retardation,  161 

revolution,  159 

right  ascension,  159 


Nadir,  19 

Napier's  diagram,  106 
Nautical  astronomy,  13 
New  navigation,  148 

advantages  of,  152 

diagrams  of,  154,  156 

finding  position    without   plot- 
ting on  chart,  157 

illustrated  examples,  155 
Notices  to  mariners,  171 
Nutation,  40 


Parallax,  83 

horizontal,  84 

moon,  85 
Parallel  sailing,  9 
Parallels  of  declination,  21 
Parallels  of  latitude,  6 
Perigee,  158 
Perihelion,  16 
Piloting,  1 80 
Plane  sailing,  4 
Planets,  15-16 
Polaris,  96 

diagram,  98 

time  to  take  sight,  100 
Poles  of  the  ecliptic,  22 


Polyconic  chart,  165 
Precision  of  the  equinoxes,  35 

causes  of,  36 
Prime  vertical,  20 

observations  on,  113 
Problems,  191 


Quadrature,  159 

R 

Refraction,  79 
Revolver,  188 
Rhumb  line,  169 
Right  ascension,  34,  58 

S 

Sailings,  9 
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